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ABSTRACT
The p e rm e a t io n  o f  h y d ro g en  th ro u g h  n i c k e l ,  molybdenum 
and M316  s t a i n l e s s  s t e e l  h a s  b een  s t u d i e d  by b o th  t im e -d e p e n d e n t  
and t im e - in d e p e n d e n t  m e th o d s . Both o f  t h e s e  t y p e s  o f  m easurem ent 
have  been  made s i m u l t a n e o u s l y  by th e  a p p l i c a t i o n  o f  F o u r i e r  A n a ly s i s  
and S i g n a l  A v e ra g in g  t o  a  m o d u la ted  e x p e r im e n t .
M easurem ents  c o n s i s t e d  o f  th e  p h a se s  a m p l i tu d e s  and mean 
v a lu e s  o f  two m o d u la t in g  p r e s s u r e s  one on e i t h e r  s i d e  o f  th e  
e x p e r im e n t a l  m e t a l .  The u p s t re a m  p r e s s u r e  was d r iv e n  by a  gas  
p r e s s u r e  c o n t r o l  sy s te m  d e s ig n e d  s p e c i a l l y  f o r  th e  p u r p o s e .  The 
dow nstream  vacuum cham ber was c o n t in u o u s ly  pumped.
The r e l a t i o n s h i p  be tw een  th e  p h a s e - l a g  o f  th e  downstream  
p r e s s u r e  r e l a t i v e  t o  th e  u p s t re a m  p r e s s u r e  y i e l d e d  th e  d i f f u s i o n  
c o e f f i c i e n t ;  th e  r e l a t i v e  mean v a lu e s  o f  th e  two m o d u la ted  p r e s s u r e s  
y i e l d e d  th e  p e r m e a b i l i t y ,  and th e  r e l a t i o n s h i p  b e tw een  th e  a m p l i tu d e s  
o f  th e  two waves was d e p en d e n t  on b o th  th e  d i f f u s i v i t y  and  th e  
p e r m e a b i l i t y .
The r e l a t i o n s h i p s  be tw een  th e  p h a s e s ,  a m p l i tu d e s  and 
mean v a l u e s  were m o d if ie d  when a c c o u n t  was t a k e n  o f  th e  p o s s i b i l i t y  
t h a t  h y d ro g en  e n t e r s  and  l e a v e s  th e  m e ta l  a t  a  f i n i t e  r a t e .  These  
m o d if ie d  r e l a t i o n s h i p s  have b e en  u se d  to  d e r i v e  some o f  th e  p a r a m e te r s  
c h a r a c t e r i s i n g  su ch  f i n i t e  s o l u b i l i s a t i o n  p r o c e s s e s .
CHAPTER 1
INTRODUCTION
1 .1  B ackground
D i f f u s i o n  i s  a  p r o c e s s  where a  m a t e r i a l  moves i n  such  
a  way a s  t o  re d u c e  g r a d i e n t s  o f  c h e m ic a l  p o t e n t i a l .  More 
s p e c i f i c a l l y ,  a  s o l i d  s o l u t i o n  which h as  an  in h o m o g e n e i ty  i n  
th e  c o n c e n t r a t i o n  o f  one o r  more o f  i t s  com ponents w i l l  t e n d  
to  hom ogenise  and r e a c h  an e q u i l i b r i u m  where t h e r e  a r e  no 
c o n c e n t r a t i o n  ( o r ,  more a c c u r a t e l y ,  c h e m ic a l  p o t e n t i a l )  g r a d i e n t s .
The p a r t i c u l a r  c a se  upon w hich a t t e n t i o n  i s  f o c u s s e d  h e re  i s  
on th e  d i f f u s i o n  o f  h y d ro g en  i n  m e ta l  l a t t i c e s .
Hydrogen d i s s o l v e s  i n  m e ta l s  t o  an  e x t e n t  g o v e rn ed  
by th e  t e m p e r a t u r e ,  a m b ien t  h y d ro g en  p r e s s u r e  and  th e  h o s t  l a t t i c e .  
I n  th e  h y d r o g e n /m e ta l  s y s te m s  c o n s id e r e d  h e r e  h y d ro g e n  does  n o t  
form compounds o r  have any o t h e r  su ch  s t r o n g  i n t e r a c t i o n s  w i th  
th e  h o s t  l a t t i c e  a to m s .  T h u s ,  p r o v id e d  t h a t  c o n c e n t r a t i o n s  a r e  
low enough t h a t  h y d ro g e n -h y d ro g e n  i n t e r a c t i o n s  can  be n e g l e c t e d ,  
i t  can  be c o n s id e r e d  t o  behave a s  an  i d e a l  s o l u t e .  The sy s te m  
t o  be d e s c r i b e d  h e r e ,  t h e r e f o r e ,  i s  a  r e l a t i v e l y  im m obile  m e ta l  
l a t t i c e  w i th  a  h i g h l y  m o b ile  i d e a l  i n t e r s t i t i a l  s o l u t e .
The d i f f u s i o n  o f  h y d ro g e n  i n  m e ta l s  i s  a  s u b j e c t  o f  
l o n g - s t a n d i n g  i n t e r e s t .  Hydrogen d i s t r i b u t e s  v e r y  r a p i d l y  i n  
m ost m e ta l s  and  can  have d e l e t e r i o u s  e f f e c t s  on m e c h a n ic a l  p r o p e r t i e s  
p a r t i c u l a r l y  i n  w elded  m e ta l s  where v e r y  h ig h  t e m p e r a t u r e s  and 
r a p i d  c o o l i n g  r a t e s  can  l e a d  t o  v e r y  l a r g e  h y d ro g e n  c o n c e n t r a t i o n s .
I t  i s  n o t  e x p e c te d  t h a t  t h i s  work w i l l  be o f  any  d i r e c t  r e l e v a n c e  
t o  th e  p r e v e n t i o n  o f  such  p ro b lem s  b u t  a more modern i n t e r e s t  
i n  h y d ro g en  d i f f u s i o n ,  o r  more a p p r o p r i a t e l y ,  h y d ro g e n  p e r m e a t io n  
h a s  d e v e lo p e d  o v e r  th e  p a s t  few y e a r s .
T h is  i s ,  o f  c o u r s e ,  th e  p rob lem  o f  h y d ro g en  i s o t o p e  
p e rm e a t io n  o f  th e  v s ir io u s  c o n ta in m e n t  w a l l s  o f  f u s i o n  r e a c t o r s  
d e s ig n e d  t o  o p e r a t e  on th e  D-T f u e l  c y c l e .  The p r e v e n t i o n  o f  
t r i t i u m  l o s s  i s  o f  p a r t i c u l a r  im p o r ta n c e  b e c a u se  o f  t h e  s c a r c i t y ,  
a n d ,  t h e r e f o r e ,  c o s t ,  o f  th e  m a t e r i a l  and a l s o  b e c a u se  o f  i t s  
r a t h e r  d a n g e ro u s  n a t u r e .
Two o f  th e  m a t e r i a l s  i n v e s t i g a t e d  i n  t h i s  s t u d y  a r e  
c a n d id a t e  m a t e r i a l s  f o r  su ch  a f u s i o n  r e a c t o r ( 1 ) and i t  i s  b e l i e v e d  
t h a t  th e  s t a t e  o f  knowledge o f  a t  l e a s t  some a s p e c t s  o f  th e  r a t h e r  
com plex p e rm e a t io n  p r o c e s s e s  which o c c u r  i n  t h e s e  m a t e r i a l s  h a s  
been  i n  some way im p ro v ed .
T r i t i u m  p e rm e a t io n  i s  a l s o  i m p o r t a n t  i n  l i g h t  w a te r  
r e a c t o r s  where f i s s i o n  p r o d u c t  t r i t i u m  may d i f f u s e  th ro u g h  f u e l  
e lem en t  c l a d d i n g  i n t o  th e  c o o l a n t ( 2 ) .  As h a s  b een  p o i n t e d  o u t  
by numerous a u t h o r s ,  p e rm e a t io n  e x p e r im e n t s  can  g iv e  r i s e  t o  
more p ro b lem s  th a n  th e y  s o lv e  s i n c e  th e  r a t e - l i m i t i n g  p r o c e s s  
o c c u r r i n g  i n  a  g iv e n  e x p e r im e n t  i s  by no means n e c e s s a r i l y  th e  
d i f f u s i o n  o f  h y d ro g e n  i n  th e  h o s t  l a t t i c e .  Such e f f e c t s  a s  s u r f a c e  
h o ld u p  (w h e th e r  due t o  s u r f a c e  f i l m s  o r  t o  n o n - i n f i n i t e  
s d J u b i l i s a t i o n  p r o c e s s e s )  and n o n - F ic k i a n  d i f f u s i o n  (w h e th e r  due 
t o  t r a p p i n g ,  c o n c e n t r a t i o n - d e p e n d e n t  d i f f u s i o n ,  h y d r id e  
p r e c i p i t a t i o n ,  e t c . )  c a n ,  and o f t e n  d o , a f f e c t  th e  r a t e  a t  w hich  
gas  p a s s e s  th ro u g h  a  m e ta l  membrane.
I t  w i l l  be shown t h a t  th e  e x p e r i m e n t a l  t e c h n i q u e s  u s e d  
i n  t h i s  work a r e  s e n s i t i v e  t o  su ch  *n o n - c l a s s i c a l *  e f f e c t s .
O f te n ,  t h e s e  e f f e c t s  o n ly  e x h i b i t  p a r t i a l  c o n t r o l  so  t h a t  th e  
com ple te  p e rm e a t io n  p r o c e s s  c an  be d e s c r i b e d  i n  te rm s  o f  th e  
d i f f u s i o n  c o e f f i c i e n t ,  th e  s o l u b i l i t y  and  some a d d i t i o n a l  p a r a m e t e r ( s )  
However, i f  t h e  n o n - c l a s s i c a l  p r o c e s s  i s  v e r y  much s lo w e r  th a n
th a n  th e  d i f f u s i o n  p r o c e s s ,  t o t a l  dominance may o c cu r  so  t h a t  
th e  d i f f u s i o n  c o e f f i c i e n t  and s o l u b i l i t y  have no e f f e c t  on 
p e r m e a t io n .
1 .2  The B a s ic  Phenom enology o f  D i f f u s i o n
The fu n d a m e n ta l  law  g o v e rn in g  t r a n s p o r t  o f  m a t t e r  down 
a c o n c e n t r a t i o n  g r a d i e n t  was f i r s t  f o r m u la t e d  by F i c k  i n  l8 3 5  
and w i th  th e  a d v e n t  o f  th e  Thermodynamics o f  I r r e v e r s i b l e  P r o c e s s e s  
i n  a b o u t  1930  was s e e n  to  be one o f  a  f a m i ly  o f  p h y s i c a l  law s 
r e l a t i n g  therm odynam ic  ’ fo r c e s *  and  ’ f l u x e s * .
F i c k ’ s  Law s t a t e s  t h a t  a  f l u x  o f  d i f f u s i n g  s p e c i e s  
i s  l i n e a r l y  r e l a t e d  to  th e  g r a d i e n t  o f  th e  c o n c e n t r a t i o n  o f  t h a t  
s p e c i e s  ( i n  th e " a b s e n c e  o f  o t h e r  therm odynam ic  f o r c e s ) .
T h i s  law  i s  e m p i r i c a l  and  r e c e n t  l i t e r a t u r e  on 
i r r e v e r s i b l e  p r o c e s s e s  c o n t a i n s  some a rgum en t a s  t o  w h e th e r  su ch  
a  r e l a t i o n s h i p  i s  v a l i d  th ro u g h o u t  th e  known domain o f  f l u x e s  
and f o r c e s ( 3 ) «  Such a  f a i l u r e  w o u ld ,  o f  c o u r s e ,  be r e f l e c t e d  
by a  c o n c e n t r a t i o n - d e p e n d e n t  d i f f u s i o n  c o e f f i c i e n t .
I t  i s  w e ll-know n  t h a t  h y d ro g en  d i s s o l v e s  and d i f f u s e s  
i n  m e ta l s  a s  i n t e r s t i t i a l  a to m s .  T h i s  f a c t  a lo n g  w i th  th e  s m a l l  
s i z e  and mass o f  h y d ro g en  a tom s combine t o  make h y d ro g e n  th e  
most m o b ile  s o l u t e  i n  m e ta l  l a t t i c e s .
T h is  work i s  o n ly  c o n c e rn e d  w i th  d i f f u s i o n  i n  one 
d i r e c t i o n .  F u r th e r m o r e ,  i n t e r s t i t i a l  d i f f u s i o n  i n  a  m e ta l  m a t r ix  
o c c u r s  a t  a  much f a s t e r  r a t e  t h a n  does  s u b s t i t u t i o n a l -  o r  s e l f ­
d i f f u s i o n  i n  t h e  same m a t r ix  so  t h a t  c r o s s - e f f e c t s  r e s u l t i n g  from  
m a t r ix  d i f f u s i o n  ’p a s t*  th e  s o l u t e  do n o t  a r i s e .  F i n a l l y ,  f o r  
th e  c a s e  o f  h y d ro g e n  i n  th e  m e ta l s  and a t  th e  t e m p e r a t u r e s  u se d  
i n  t h i s  s t u d y , s o l u t e  c o n c e n t r a t i o n s  a r e  low enough t h a t  t h e
4s o l u t i o n  can  be c o n s id e r e d  to  be i d e a l  so t h a t  P i c k ' s  F i r s t  Law 
can  be a d e q u a te ly  s t a t e d  by:
=  -D j 2 b
ÔX
where i s  th e  f l u x  o f  i n t e r s t i t i a l  a tom s /  u n i t  a r e a  /  u n i t  t im e
Dj. i s  th e  i n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t  / u n i t  a r e a /
u n i t  t im e
3 i s  th e  1-D c o n c e n t r a t i o n  g r a d i e n t  o f  i n t e r s t i t i a l
X atoms /  u n i t  l e n g t h  /  u n i t  volume
A u s e f u l  e x t e n s io n  o f  F i c k ' s  F i r s t  Law i s  o b t a in e d  by 
c o n s i d e r i n g  two p a r a l l e l  u n i t  p la n e s  a  d i s t a n c e ,  d x ,  a p a r t .
I n  one d im e n s io n ,  th e  f l u x  th ro u g h  th e  f i r s t  p la n e  i s :
J  = -D ^  
à x
and th e  f l u x  th ro u g h  th e  seco n d  p la n e  i s :
3 J  dx -D 3C A /D ACx dx
S u b t r a c t i n g
è J  3 / D 3C \
ÔX 3x 3x
But à J / d x  e q u a ls  th e  n e g a t i v e  r a t e  o f  c o n c e n t r a t i o n  change 
i n  th e  e lem en t bounded by th e  two p a r a l l e l  p l a n e s  so  t h a t
^  JL  D ^  
d t  “ <3x d x
t*'
D d^C= — r  ( i f  D i s  i n v a r i a n t  w i th  c o n c e n t r a t i o n )
d X
'4
1 .3  The M easurem ent' o f  D i f f u s i o n  C o e f f i c i e n t
Methods o f  q b t a i n i n g  th e  d i f f u s i o n  c o e f f i c i e n t  can  be 
b r o a d ly  c a t e g o r i s e d  a s  th o s e  i n  w hich a  f l u x  i s  m easured  and th o s e  
i n  w hich a  c o n c e n t r a t i o n  d i s t r i b u t i o n  i s  m easu red .
I n  c o n t r a s t ,  t h e r e  a r e  th e  'm ic ro sc o p ic *  te c h n i q u e s  
i n c l u d i n g  q u a s i - e l a s t i c  s c a t t e r i n g  o f  th e rm a l  n e u t r o n s ,  n u c l e a r  
m a g n e t ic  r e s o n a n c e ,  e t c .  Such te c h n i q u e s  lo o k  d i r e c t l y  a t  th e  
jump p r o c e s s  i n  a  way n o t  even  ap p ro a ch e d  by m acro sco p ic  m ethods . 
However, from a  t e c h n o l o g i c a l  p o i n t  o f  v iew  i t  i s  n o t  th e  d e t a i l
t
o f  th e  jump p r o c e s s  which r e q u i r e s  to  be known b u t  r a t h e r  th e  
e f f e c t  o f  a  v e r y  l a r g e  number o f  such  p r o c e s s e s  i n  an  im p e r f e c t  
c r y s t a l  i n  a  m acro sco p ic  s y s te m .  R e tu rn in g  to  th e  m a c ro sc o p ic  
m e th o d s ,  i t  can  be s e e n  t h a t  a  s o l u t i o n  o f  F i c k ' s  Second Law 
f o r  a  g iv e n  s e t  o f  boundary  c o n d i t i o n s  w i l l  be a  c o n c e n t r a t i o n  
d i s t r i b u t i o n  (w i th  x ) , which i s  some f u n c t i o n  o f  t im e ,  and th e  
d i f f u s i o n  c o e f f i c i e n t .  One example o f  su ch  a  d i s t r i b u t i o n  i s  
th e  s e m i - i n f i n i t e  s o l u t i o n  o b t a in e d  when th e  s u r f a c e  o f  a  v e r y  
t h i c k  s l a b  o f  m a t e r i a l  h a s  a  c o n c e n t r a t i o n  m a in ta in e d  a t  a  v a lu e  
s a y ,  C^, w i th  an  i n i t i a l  d i s t r i b u t i o n  i n  th e  s o l i d  o f  z e ro  
c o n c e n t r a t i o n  ( s a y )  g iv in g  th e  boundary  c o n d i t i o n s :
C = C ^ a t x  = o t  > o 
C = o X = o—»tf> t  = o
The s o l u t i o n  o f  F i c k ' s  Second Law i s  w e l l  known:
[ ’ ■
C ( x , t )  = 1 -  e r f  ) — - —
°  ' 2 ✓Dt
Such e x p e r im e n t s  have th e  a d v a n ta g e  t h a t ,  s i n c e  
c o n c e n t r a t i o n s  a r e  b e in g  m easu red  i n  th e  s o l i d  t h e r e  i s  no 
q u e s t i o n  o f  th e  r e s u l t s  b e in g  m i s i n t e r p r e t e d  b e c a u se  o f  r a t e -  
l i m i t i n g  p r o c e s s e s  d u r in g  th e  e n t r y  o f  th e  d i f f u s a n t  i n t o  th e  
h o s t  ( p r o v id e d  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  does  s t a y  t r u l y  
c o n s t a n t ) .
The p r i n c i p a l  d i s a d v a n ta g e  i s  t h a t ,  i n  o r d e r  t o  make 
a  m easu rem en t, t h e  e x p e r im e n t  m ust be h a l t e d  and t h i s  n o rm a l ly  
r e q u i r e s  c o o l in g  o f  t h e  sp ec im en  d u r in g  w hich a d d i t i o n a l  d i f f u s i o n  
may o c c u r .  F u r th e r m o r e ,  th e  m easurem ent o f  th e  c o n c e n t r a t i o n  
d i s t r i b u t i o n  i s  n o rm a l ly  d e s t r u c t i v e ,  i n v o l v i n g  e i t h e r  a u t o ­
r a d io g r a p h y  o f  s e c t i o n s  p a r a l l e l  t o  t h e  d i f f u s i o n  d i r e c t i o n  o r  
c h e m ic a l  a n a l y s i s / r a d i o g r a p h y  o f  t h e  s e c t i o n s  p e r p e n d i c u l a r  t o  
th e  d i f f u s i o n  d i r e c t i o n .  T h u s ,  a l t h o u g h  d i s t a n c e  can  be t r e a t e d  
a s  a  c o n t in u o u s  v a r i a b l e ,  t im e  c an  o n ly  be t r e a t e d  d i s c o n t i n u o u s l y .  
R a d i o a c t iv e  i s o t o p e s  o f  th e  d i f f u s a n t  a r e  o f t e n  u sed  i n  t h i s  ty p e  
o f  t e c h n i q u e  s i n c e  t h e i r  c o n c e n t r a t i o n s  can  be p a r t i c u l a r l y  e a s i l y  
m easured  b u t  a  number o f  o t h e r  m ethods c an  be u s e d ,  m ost o f  w hich 
a r e  u n s u i t a b l e  i f  h y d ro g e n  i s  t h e  d i f f u s a n t .  Such m ethods have  
been  u s e d  f o r  th e  m easurem ent o f  t r i t i u m  d i f f u s i v i t i e s  i n  s t a i n l e s s  
s t e e l s ( 4 ) .
I n  c o n t r a s t  t o  th e  e x p e r im e n t s  i n v o l v i n g  m easurem en t 
o f  th e  c o n c e n t r a t i o n  d i s t r i b u t i o n  a t  a  g iv e n  t im e ,  we c an  a l s o  
m easure  f l u x e s .  T h is  ty p e  o f  m easurem ent i s  l e s s  d i r e c t  s i n c e  
f l u x e s  a r e  m easu red  o u t s i d e  th e  s o l i d  and  th e  f l u x e s  w i t h i n  t h e  
s o l i d  a r e  o n ly  d educed  by i m p l i c a t i o n .  T h i s  u s u a l l y  r e q u i r e s  
t h a t  some a s s u m p t io n  i s  made r e g a r d i n g  th e  way i n  w hich  m a t e r i a l  
i s  t r a n s f e r r e d  a c r o s s  t h e  p hase  b o u n d a ry  b e tw een  th e  s o l i d  and  
i t s  e n v i ro n m e n t .
L i m i t i n g  th e  d i s c u s s i o n  to  a s i n g l e  i n t e r s t i t i a l  s o l u t e  
d i f f u s i n g  i n  one d im e n s io n  th ro u g h  a r e l a t i v e l y  im m obile  i s o t h e r m a l  
m e ta l  l a t t i c e  w i th  no abnorm al d i f f u s i o n  e f f e c t s ,  F i c k ' s  Second 
Law can  be u s e d  t o  d e s c r i b e  th e  i n t e r s t i t i a l  t r a n s p o r t  b e h a v io u r  
w h ile  i t  i s  i n  t h e  b u lk  o f  th e  s o l i d .
( 1 . 1 )
ÔK
I f  a  c o n c e n t r a t i o n  o f  th e  s o l u t e ,  C, i s  in d u c e d  and h e ld  a t  th e  
s u r f a c e  x is o , th e  s o l u t e  w i l l  f lo w  i n  th e  p o s i t i v e  x - d i r e c t i o n  
so  a s  t o  r e d u c e  th e  c o n c e n t r a t i o n  g r a d i e n t .  I f  s u f f i c i e n t  t im e 
i s  a l lo w e d ,  a p p r e c i a b l e  am ounts  o f  s o l u t e  w i l l  r e a c h  th e  'dow nstream * 
fa c e  o f  th e  sp e c im e n .  I f  t h i s  s u r f a c e  i s  b lo c k e d  i n  any way so  
t h a t  s o l u t e  c a n n o t  e s c a p e  from  i t ,  d i f f u s i o n  w i l l  c o n t in u e  to  
o c c u r  u n t i l  t h e  c o n c e n t r a t i o n  g r a d i e n t  i s  t o t a l l y  n e u t r a l i s e d  
e q u i l i b r i u m  i s  e s t a b l i s h e d  th ro u g h o u t  th e  sp e c im e n .
However, i n  a  p e rm e a t io n  e x p e r im e n t  d i f f u s a n t  does  emerge 
from th e  dow nstream  s u r f a c e  o f  t h e  sp ec im en  and th e  f l u x  l e a v i n g  
t h i s  s u r f a c e  can  be m e asu re d .  F lu x  m easurem ent n e ed  n o t  be c o n f in e d  
t o  p e rm e a t io n  e x p e r im e n t s  and  o t h e r  t e c h n i q u e s  c an  be u s e d  su ch  
a s  th e  r a t e  o f  i n t a k e  o f  gas  by a  h o t  m e ta l  o r  th e  r a t e  o f  e v o l u t i o n  
o f  g a s  from  a  m e ta l  which h a s  p r e v i o u s l y  b een  s a t u r a t e d  a t  a  known 
t e m p e r a t u r e .
I f  th e  c o n c e n t r a t i o n  a t  th e  dow nstream  s i d e  o f  t h e  sp ec im en  
i s  a l s o  h e ld  a t  a  t im e  i n v a r i a n t  v a l u e ,  s a y  C ,  a t  x = 1  th e  
f lo w in g  gas  w i l l  n e v e r  a t t a i n  e q u i l i b r i u m  b u t  a f t e r  some tim e  
th e  c o n c e n t r a t i o n  i n  th e  s o l i d  w i l l  s t o p  c h a n g in g  w i th  t im e  and 
th e  sy s te m  w i l l  have  r e a c h e d  a  s t e a d y - s t a t e .
ôc .S in c e  —^  IS  now z e ro
= 0  ( 1 .2 )
and hence  C(x) = A + Bx
A p p ly in g  th e  a l r e a d y  s p e c i f i e d  b o u n d a ry  c o n d i t i o n s  
C ( o , t )  = C 
0 ( 1 , t )  = C
G ives  C(x) = 0 + ( 1 . 3 )
T h is  same c o n c e n t r a t i o n  g r a d i e n t  w i l l  be s e t  up w h a te v e r  
th e  v a lu e  o f  th e  d i f f u s i o n  c o e f f i c i e n t  and t h e r e f o r e  m easurem en ts  
o f  th e  c o n c e n t r a t i o n  g r a d i e n t  a t  s t e a d y - s t a t e  c a n n o t  o f  th e m s e lv e s  
f u r n i s h  v a lu e s  o f  th e  d i f f u s i o n  c o e f f i c i e n t .
However, i f  t h e  f l u x  p a s s i n g  th ro u g h  th e  sp ec im en  i s  
m easu red , th e  d i f f u s i o n  c o e f f i c i e n t  can  be c a l c u l a t e d  s i n c e :
a  = ( 1 . 4 )
i . e .  J  = D ( C _ ^ )  ( 1 . 5 )
p ro v id e d  t h a t  b o th  0 and  C* a r e  known. T h is  ty p e  o f  m ethod h a s
been  u sed  to  c a l c u l a t e  d i f f u s i o n  c o e f f i c i e n t s  b y ,  f o r  e x am p le ,
S m ith (5 )  f o r  c a rb o n  i n  i r o n ,  e x c e p t  t h a t  he u s e d  th e  c o r r e s p o n d i n g
c y l i n d r i c a l  s o l u t i o n  o f  th e  d i f f u s i o n  e q u a t i o n .
I t  can  be s e e n  from  ( 1 . 3 )  and  ( 1 . 3 )  t h a t  th e  e q u i l i b r i u m
s t a t e  o f  z e r o  c o n c e n t r a t i o n  g r a d i e n t  and  hence  z e r o  f l u x  th r o u g h
th e  sp ec im en  i s  m e re ly  a  s p e c i a l  c a s e  o f  t h e  s t a t i o n a r y  s t a t e
where J  = 0 and  hence  C = C* ( o r  v i c e  v e r s a ) .
I n  t h i s  c o n n e c t io n  a  q u a n t i t y  c a l l e d  p e r m e a b i l i t y  can
be d e f i n e d .  The p e r m e a b i l i t y  i s  th e  p r o d u c t  o f  th e  d i f f u s i v i t y
and th e  S i e v e r t s  c o n s t a n t  K d e f in e d  a s  th e  e q u i l i b r i u m  c o n s t a n tsm
f o r  th e  r e a c t i o n :
2
The q u a n t i t y ,  P^ , i s  g e n e r a l l y  u s e d  to  c h a r a c t e r i s e  
s t e a d y - s t a t e  e x p e r im e n t s  i n s t e a d  o f  th e  d i f f u s i o n  c o e f f i c i e n t ,  
and  i t  t a k e s  c o g n iz a n c e  o f  th e  f a c t  t h a t  th e  s o l u b i l i t y  o f  th e  
gas  i n  t h e  m e ta l  i s  a l s o  i n v o l v e d .
P e rm e a t io n  e x p e r im e n ts  f o r  hyd ro g en  a r e  n o rm a l ly  c a r r i e d  
o u t  u s in g  two g a s  s p a c e s  s e p a r a t e d  by a  b a r r i e r  o f  t h e  e x p e r im e n t a l  
m e t a l .  The p r e s s u r e s  o f  th e  d i f f u s a n t  gas  i n  th e  two gas  s p a c e s  
a r e  th e  q u a n t i t i e s  w hich  a r e  m easu red  and t h e s e  p r e s s u r e s  a r e  
l i n k e d  t o  th e  c o n c e n t r a t i o n s  a t  t h e  two m e ta l  s u r f a c e s .
I n  th e  s i m p l e s t  c a s e ,  th e  tim e  t a k e n  f o r  th e  s o l u b i l i s a t i o n  
p r o c e s s  i s  assum ed t o  be r a p i d  com pared w i th  t h e  d i f f u s i o n  t im e .  
C o n c e n t r a t i o n s  a t  t h e  i n p u t  and  o u tp u t  s u r f a c e s  a r e  t h e n  g iv e n  
by :
A p p ly in g  t h e s e  t o  ( 1 .3 )  g i v e s :
J  n DK \ /p  —sm y j :. ■ Tjr
( 1 .7 )
where = P ^ , th e  p e r m e a b i l i t y .
T h is  e q u a t i o n  i s  som etim es  known a s  th e  R ic h a rd s o n  
e q u a t i o n ( 6 ) .  Under n o rm al c o n d i t i o n s  o f  t e m p e r a t u r e ,  i n p u t  p r e s s u r e .
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d i f f u s i o n  c o e f f i c i e n t ,  and t h i c k n e s s  p ' «  p and  a c c o r d in g  to
( 1 . 7 ) th e  p e rm e a t io n  f l u x  i s  p r o p o r t i o n a l  to  th e  s q u a r e  r o o t  o f  
i n p u t  p r e s s u r e .  D e v ia t i o n s  from  t h i s  b e h a v io u r  a r e  n o t  n e c e s s a r i l y  
a lw ay s  o b v io u s  from  s t e a d y - s t a t e  e x p e r i r a e n t s ( 7 ) , p a r t i c u l a r l y  
i f  p i s  n o t  u s e d  a s  an  e x p e r i m e n t a l  v a r i a b l e .
U t  G e n e s is  o f  th e  T e c h n iq ue
W hereas s t e a d y - s t a t e  e x p e r im e n ts  can  o n ly  p ro v id e  v a lu e s  
f o r  th e  p e r m e a b i l i t y  th e  d i f f u s i o n  c o e f f i c i e n t  can  be o b ta in e d  
more d i r e c t l y  by making use  o f  m easu rem en ts  d u r in g  th e  t r a n s i e n t  
c o n d i t i o n s  l e a d i n g  up to  s t e a d y - s t a t e .  I n  t h i s  c a s e  th e  S i e v e r t s  
c o n s t a n t  need  n o t  be known and th e  m easurem ent i s  made o v e r  a 
ra n g e  o f  one o f  th e  d i f f u s i o n  e q u a t i o n  v a r i a b l e s  (nam ely  t i m e ) , 
and c h ec k s  o f  c o n s i s t e n c y  can  be made.
The s o - c a l l e d  tim e  l a g  te c h n iq u e  makes d i r e c t  u se  o f  
t h i s  e f f e c t .  Q u i te  s im p ly ,  some s t e a d y - s t a t e  c o n d i t i o n  i s  
p e r t u r b e d  by a  v e r y  r a p i d  s t e p  change i n  one o f  th e  p r e s s u r e s
and th e  r e s p o n s e  o f  th e  o t h e r  p r e s s u r e  i s  n o te d  a s  a  f u n c t i o n
o f  t im e .
One exam ple o f  t h i s  ty p e  o f  s i t u a t i o n  m ig h t  be a  sy s te m  
w i th  an  i n i t i a l  c o n c e n t r a t i o n  i n  th e  sp ec im en
C = f ( x )  o <  X < 1 a t  t  = o 
I f  t h i s  sy s te m  i s  th e n  p e r t u r b e d  a c c o r d in g  t o  th e  b o u n d a ry  c o n d i t i o n ;
C = C ;  x = o  t > o
C = C ;  X = 1 t  > 0
The s o l u t i o n  can  be o b ta in e d  by s e p a r a t i o n  o f  v a r i a b l e s ( 8 ) and  
i s  g iv e n  b y :
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2 2 ,C (x ,t)= C + (C * -C )x  + 2 \  ^C'cosnTT-C s i n  nTrx exp(-D n  tt t / 1  ) 
1 7T jL j  n 1
1
1
+ 2 V ^ s i n  nTTX exp (-D n^7r ^ t / l ^ )  s i n  m r x 'd x ’
/
T im e - la g  a n a l y s i s  i s  n o rm a l ly  a p p l i e d  t o  e x p e r im e n ts
by m e asu r in g  th e  t o t a l  amount o f  gas  which h a s  p a s s e d  th ro u g h  th e
membrane up  to  a  t im e ,  t .  The r a t e  o f  em ergence o f  g a s  from x = l
i s  t a k e n  t o  be g iv e n  by ^  j^'^x J  sind i n t e g r a t i n g  t h i s  w i th
r e s p e c t  t o  t im e  g iv e s  th e  r e q u i r e d  q u a n t i t y  o f  g a s ,  Q^. The a n a l y s i s
can  be c a r r i e d  o u t  t o  f a i r l y  l a r g e  t im e s  where s t e a d y - s t a t e  e v e n t u a l l y
Dtp r e v a i l s  and  Q . / IC  becomes l i n e a r  i n  — I f  C = C* = o
l 2
3C f t  -  1rf  ^J
I f  i s  p l o t t e d  a g a i n s t  t i m e ( 8 ) ,  e x t r a p o l a t i o n  t o  Q^=0 
1^g iv e s  th e  t i m e - l a g  L =
T here  a r e  many v a r i a t i o n s  on t h i s  m ethod b u t  a l l  depend 
on th e  m easurem ent o f  a  t im e ,  c h a r a c t e r i s t i c  o f  t h e  r a t e  o f  a p p ro a c h  
t o  th e  s t e a d y - s t a t e .
One s u c h  v a r i a t i o n  h a s  b e en  u se d  by Chung(9) i n  an  e x p e r im e n t  
where th e  o u tp u t  gas  sp ac e  was pumped. When th e  i n p u t  p r e s s u r e  
was s t e p p e d  from  z e r o  t o  a  f i n i t e  v a l u e ,  t h e  o u tp u t  p r e s s u r e  r e s p o n d e d  
w i th  a r a t h e r  s lo w e r  r i s e  t o  i t s  f i n a l  s t e a d y - s t a t e  v a lu e  Pg*
A t any t im e ,  th e  r a t i o  o f  th e  o u tp u t  p r e s s u r e  t o  p^ was g iv e n
by :
- 1 ) “  } - e x p ( - K ' t )
1 /m v  D
where K* was th e  q u o t i e n t  o f  o u t p u t  cham ber pumping s p e e d  t o  o u t p u t  
chamber volum e.
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The c u r r e n t  work i s  a  n a t u r a l  e x t e n s i o n  o f  t h i s  ty p e  
o f  t e c h n i q u e .  Those m ethods which employ a s t e p - f u n c t i o n  in p u t  
p r e s s u r e  a r e  o b v io u s ly  u s e f u l  s i n c e  th e y  a r e  b o th  dynamic and 
p ro v id e  i n t e r n a l  c h ec k s  i n  t h a t  th e  sy s tem  must behave i n  a c e r t a i n  
way w i th  t im e  and  must e v e n t u a l l y  s e t t l e  t o  a  s t e a d y - s t a t e .  Some 
e x p e r im e n t e r s  have c a r r i e d  su ch  work a l i t t l e  f u r t h e r ,  e . g .  Caskey 
e t  a l . ( 1 0 ) ,  by rem oving  th e  gas  from th e  i n p u t  chamber i n  a  s t e p  
f a s h i o n  once s t e a d y - s t a t e  h a s  b een  r e a c h e d  and  m e a s u r in g  e v o l u t i o n  
r a t e s  a s  a  f u n c t i o n  o f  t im e .  However, i t  i s  n o t  n e c é s s a r i l y  d e s i r a b l e  
to  have l a r g e  ch an g es  i n  th e  i n p u t  o r  o u tp u t  s u r f a c e  c o n c e n t r a t i o n s  
from th e  p o i n t  o f  v iew  o f  d e f i n i n g  th e  b o u n d a ry  c o n d i t i o n s  n e c e s s a r y  
f o r  th e  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n .
Such an  i n p u t  p r e s s u r e  f u n c t i o n  may now be e n v i s a g e d  a s  
a  t r a i n  o f  low a m p l i tu d e  p u l s e s  o f  low f r e q u e n c y .  S in c e  i t  i s  
d i f f i c u l t  t o  p ro d u ce  a  t r u e  s t e p  f u n c t i o n  i n  p r e s s u r e  one m igh t 
a s  w e l l  u se  a  c o n t in u o u s  f u n c t i o n  o f  t im e  f o r  t h e  i n p u t  p r e s s u r e ,  
s a y  a s i n e  wave. S in c e  a  s q u a r e  wave can  be r e g a r d e d  a s  th e  sum 
o f  a  s e r i e s  o f  s i n e  waves o f  v a r y in g  a m p l i tu d e s  and  f r e q u e n c i e s  
and th e  d i f f u s i o n  e q u a t i o n  i s  a  l i n e a r  d i f f e r e n t i a l  e q u a t i o n ,  
an  e x p e r im e n t  c a r r i e d  o u t  w i th  s i n u s o i d a l  i n p u t  p r e s s u r e  o v e r  
a  ra n g e  o f  f r e q u e n c i e s  must f u r n i s h  th e  same i n f o r m a t i o n  a s  w ould 
th e  c o r r e s p o n d in g  e x p e r im e n t  w i th  a s i n g l e  f r e q u e n c y  s q u a r e  w ave.
The mean v a lu e  o f  e ac h  s in e  wave w i l l ,  o f  c o u r s e ,  c a r r y  th e  s t e a d y -  
s t a t e  i n f o r m a t i o n  w hich  i s  l o s t  by u s i n g  a  c o n t in u o u s  i n p u t  p r e s s u r e  
f u n c t i o n .
The s o l u t i o n  t o  th e  d i f f u s i o n  e q u a t i o n  r e l e v a n t  t o  su ch  
a  b o u n d ary  c o n d i t i o n  w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  C h a p te r  3 i  
b u t  f o r  t h e  p u rp o s e s  o f  co m p ar iso n  w i th  o t h e r  t e c h n i q u e s  i t s  form  
w i l l  be i n d i c a t e d  h e r e .
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From th e  p o i n t  o f  v iew  o f  a l g e b r a i c  m a n ip u la t io n  i t  
IS  c o n v e n ie n t  t o  d e s c r i b e  ha rm onic  q u a n t i t i e s  i n  complex form 
so  t h a t  a  q u a n t i t y  r e p r e s e n t s  a  c o s in e  wave o f  p hase
0  and a m p l i tu d e  A.
An i n p u t  p r e s s u r e  wave o f  a r b i t r a r y  p hase  o f  th e  form;
P t  = P + Pfi e icut
w i l l  g iv e  r i s e  t o  an  o u tp u t  wave;
p ; = P- + p^ - 0 ' )
The p h ase  l a g ,  0 » , i s  a  f u n c t i o n  o f  th e  d i f f u s i o n  c o e f f i c i e n t  
and th e  i n p u t  p r e s s u r e  wave f r e q u e n c y .  The p hase  l a g  d e c r e a s e s  
a s  th e  f r e q u e n c y  d e c r e a s e s  e v e n t u a l l y  becom ing z e ro  f o r  i n f i n i t e l y  
low f r e q u e n c i e s .  0 ’ i s  a l s o  d e c r e a s e d  by in c i 'e a s i n g  d i f f u s i o n  
c o e f f i c i e n t  becom ing z e r o  f o r  i n f i n i t e l y  r a p i d  d i f f u s i o n .
The o u tp u t  p r e s s u r e  a m p l i tu d e ,  p j ,  i s  a  f u n c t i o n  o f  
th e  d i f f u s i o n  c o e f f i c i e n t ,  th e  s o l u b i l i t y  and th e  f r e q u e n c y ,  
p^ i n c r e a s e s  w i th  i n c r e a s i n g  D and and d e c r e a s e s  w i th  i n c r e a s i n g
ÜJ .
The o u tp u t  p r e s s u r e  mean v a l u e ,  p * , i s  e s s e n t i a l l y  th e  
same a s  th e  s t e a d y - s t a t e  p r e s s u r e  p ro d u ced  by an i n p u t  p r e s s u r e ,  
p ,  and i s  t h e r e f o r e  d e p e n d e n t  on D and K b u t  n o t  on w .
P hase  b o u n d a ry  p r o c e s s e s  o c c u r r i n g  a t  th e  i n p u t  o r  o u tp u t  
s u r f a c e s  w i l l  m od ify  t h e s e  c o n c lu s io n s  b u t  f o r  th e  p u rp o s e s  o f  
c o m p ar iso n  w i th  th e  f o r e g o in g  t e c h n i q u e s  th o s e  a r e  a d e q u a t e .
T h is  method o f  p e r fo rm in g  p e rm e a t io n  e x p e r im e n t s  h a s  
s e v e r a l  a d v a n ta g e s  o v e r  th e  r a t e - o f - r i s e  t e c h n i q u e .
( i )  I t  i s  t r u l y  c o n t in u o u s  and th e  o u tp u t  and  i n p u t  
waves can  be s i g n a l  a v e ra g e d  o v e r  a s  many p e r i o d s  a s  a r e  r e q u i r e d
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to  f i l t e r  o u t  random n o i s e .  T h i s  p ro d u c e s  * c l e a n '  i n p u t  and o u tp u t  
f u n c t i o n s  so  t h a t  t h e i r  r e l a t i o n s h i p  i s  l e s s  l i k e l y  to  be o b sc u re d  
by po o r e x p e r im e n t a l  c o n t r o l  o r  m easu rem en t.
( i i )  I n f o r m a t i o n  i s  c a r r i e d  i n  t h r e e  m easu red  q u a n t i t i e s ,  
nam ely th e  p h ase  l a g  be tw een  th e  i n p u t  and o u tp u t  w aves, th e  
a m p l i tu d e  r a t i o  be tw een  th e  i n p u t  and o u tp u t  waves and th e  o f f s e t  
( a v e ra g e  v a lu e )  o f  i n p u t  t o  o u tp u t  w aves . T h is  means t h a t  a  l a r g e r  
number o f  i n t e r n a l  c o n s i s t e n c y  ch eck s  can  be made.
( i i i )  The i n p u t  wave i s  m easured  a s  w e l l  a s  t h e  o u tp u t  
wave and th e  d i f f i c u l t i e s  a s s o c i a t e d  w i th  p ro d u c in g  a  t r u e  s q u a r e  
wave o r  s t e p  i n c r e a s e  o r  d e c r e a s e  i n  p r e s s u r e  a r e  a v o id e d .
( i v )  Only m inor p e r t u r b a t i o n s  from th e  s t e a d y - s t a t e  
a r e  u sed  and t h e r e f o r e  no c o n c e n t r a t i o n  i n  t h e  s o l i d  o r  p r e s s u r e  
i s  v a r y in g  w id e ly  enough t o  s e r i o u s l y  a f f e c t  any  r a t e  p r o c e s s e s  
w hich a r e  o c c u r r i n g  a t  t h e  s u r f a c e s  o f  th e  s p e c im e n s .  P ro b lem s  
w hich  may be a s s o c i a t e d  w i th  f i l l i n g  o f  v o id a g e  i n  t h e  sp ec im en  
a r e  a l s o  a v o id e d .
W ith t h e s e  a d v a n ta g e s  i n  mind an  i n p u t  p r e s s u r e  m o d u la t io n  
h a s  b e en  u se d  i n  t h i s  work t o  i n v e s t i g a t e  b o th  c l a s s i c a l  and  n o n -  
c l a s s i c a l  p e rm e a t io n  o f  h y d ro g e n  th r o u g h  n i c k e l ,  molybdenum and 
s t a i n l e s s  s t e e l .
1 .3  More Complex P e rm e a t io n  P r o c e s s e s
' C l a s s i c a l '  p e rm e a t io n  e x p e r im e n t s  a r e  i n t e r p r e t e d  i n  
te rm s  o f  th e  R ic h a rd s o n  e q u a t i o n  a n d ,  a s  s u c h ,  a r e  b a s e d  o n * th e  
a s s u m p t io n s :
( i )  T h a t  d i f f u s i o n  i s  t h e  o n ly  r a t e - l i m i t i n g  p r o c e s s .
( i i )  T h a t  th e  i n p u t  p r e s s u r e  ( o r  s u r f a c e  c o n c e n t r a t i o n )  
i s  so  much l a r g e r  t h a n  th e  o u tp u t  t h a t  th e  l a t t e r  
can  be n e g l e c t e d .
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( i i i )  T h a t  no p r o c e s s e s  o c c u r  i n  th e  s o l i d  which i n t e r f e r e  
w i th  c l a s s i c a l  ( F i c k i a n )  d i f f u s i o n .
and th e s e  a s s u m p t io n s  a r e  o f t e n  s u f f i c i e n t  t o  a d e q u a t e ly  d e s c r ib e  
th e  p e rm e a t io n  p r o c e s s .  The f i r s t  two c o n d i t i o n s  a r e  n o rm a l ly  
f u l f i l l e d  when th e  spec im en  i s  t h i c k ,  th e  d i f f u s i o n  c o e f f i c i e n t  
i s  s m a l l  o r  t h e  i n p u t  p r e s s u r e  i s  h i g h .  T hus , p h ase  boundary  
p r o c e s s e s  a r e  u n l i k e l y  t o  be s e e n  u n l e s s  th e y  a r e  s low ed  down 
(by  u s in g  low p r e s s u r e s )  o r  th e  d i f f u s i o n  p r o c e s s  i s  sp eed ed  u p .
A ls o ,  th e  g row ing  i n t e r e s t  i n  t r a n s p o r t  p r o p e r t i e s  i n  
i n d u s t r i a l  a l l o y s  may a l s o  r e q u i r e  some knowledge o f  th e  e f f e c t s  
o f  su ch  p r o c e s s e s  a s  t r a p p i n g ,  p r e c i p i t a t i o n ,  r a d i a t i o n  damage, 
p o r o s i t y ,  e t c . ,  and o f  c o u rs e  th o s e  p r o c e s s e s  n eed  n o t  be c o n f in e d  
t o  a l l o y s  b u t  may be p r e s e n t  i n ,  f o r  exam ple , p o l y c r y s t a l s  o r  
m e ta l s  w hich  form h y d r i d e s .
The f o r e g o in g  d e s c r i p t i o n  o f  t h e  r e l a t i o n s h i p  b e tw een  
o s c i l l a t o r y  i n p u t  and  o u tp u t  p r e s s u r e s  h a s  i n d i c a t e d  t h a t ,  i n  
p r i n c i p l e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  and  s o l u b i l i t y  can  be d e r iv e d  
from a  s i n g l e  f r e q u e n c y  e x p e r im e n t .  The u se  o f  a  r a n g e  o f  f r e q u e n c i e s ,  
a s i d e  from p r o v i d i n g  a  ch eck  o f  i n t e r n a l  c o n s i s t e n c y ,  can  d e t e c t  
b e h a v io u r  w hich i s  n o t  c o n s i s t e n t  w i th  t h e  a s s u m p t io n s  o f  c l a s s i c a l  
p e r m e a t io n .  On t h i s  b a s i s  th e  p r e s s u r e  m o d u la t io n  a p p ro a c h  may 
be u s e f u l  n o t  o n ly  f o r  m e a s u r in g  D and b u t  may a l s o  p r o v id e  
i n f o r m a t i o n  a b o u t  n o n - c l a s s i c a l  p r o c e s s e s .
A n a ly s i s  o f  a  p e rm e a t io n  e x p e r im e n t ,  a s  o p p o sed  to  a  
m easurem ent o f  c o n c e n t r a t i o n  d i s t r i b u t i o n ,  r e l i e s  on th e  f a c t  
t h a t  th e  e x p e r im e n t e r  i s  aware o f  a l l  t h e  p r o c e s s e s  w hich  may 
be u nde rgone  by gas  atom s a f t e r  t h e  p r e s s u r e  i s  m easu red  a t  t h e  
i n p u t  s i d e  o f  t h e  sp ec im en  and b e f o r e  t h e  p r e s s u r e  i s  m easu red  
a t  th e  o u tp u t  s i d e .
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The p r o c e s s e s  can  be s u b - d i v i d e d  i n t o  t h r e e  c a t e g o r i e s ;  • 
( i )  P r o c e s s e s  o c c u r r i n g  i n  th e  b u lk  o f  th e  s o l i d
( i i )  P r o c e s s e s  o c c u r r i n g  on th e  s u r f a c e s  o f  th e  spec im en
( i i i )  P r o c e s s e s  o c c u r r i n g  rem ote  from th e  sp e c im e n .
The l a s t  c a t e g o r y  i s  l a r g e l y  a  f u n c t i o n  o f  th e  e x p e r im e n t  i t s e l f  
and w i l l ,  t h e r e f o r e ,  be d i s c u s s e d  i n  C h a p te r  2 .
1 .5*1 P r o c e s s e s  o c c u r r i n g  i n  t h e  b u lk  o f  t h e  s o l i d
B ulk  p r o c e s s e s  a r e  th o s e  w hich m odify  th e  d i f f u s i o n  
e f f e c t  a s  s t a t e d  by P i c k ' s  Laws.
A m a c ro sc o p ic  f low  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n  g r a d i e n t  
o c c u r s  when atom s f o l lo w  a  random p a t h .  However, a tom s may meet 
r e g i o n s  w i t h i n  th e  s o l i d  w hich m odify  t h i s  random m o t io n .  Such
r e g i o n s  may be s h o r t  c i r c u i t  p a t h s  ( h i g h l y  d i s o r d e r e d  r e g i o n s
su ch  a s  d i s l o c a t i o n  c o r e s ,  g r a i n  b o u n d a r i e s ,  i n t e r p h a s e  b o u n d a r i e s ,  
e t c . )  o r  t r a p s  which do n o t  a l lo w  m o tio n  b u t  d e l a y  a tom s f o r  a  
l o n g e r  mean t im e  th a n  th e y  would be h e ld  i n  n o rm a l s t r u c t u r a l  
i n t e r s t i c e s .
I t  i s  o b v io u s  t h a t  o n ly  a  p e r f e c t  s i n g l e  c r y s t a l  c an  
be f r e e  o f  s u c h  ' f a u l t s '  a n d ,  t h e r e f o r e , we m ig h t  e x p e c t  e f f e c t i v e  
d i f f u s i o n  c o e f f i c i e n t s  t o  v a r y  r a t h e r  m a rk ed ly  w i th  s u c h  f a c t o r s  
a s  g r a i n  s i z e ,  d e g re e  o f  c o ld  w ork , c o m p o s i t io n ,  i m p u r i t y  c o n t e n t ,  
e t c .  Such c o r r e l a t i o n s  do n o t  a p p e a r  t o  be v e r y  s t r i k i n g  from  
th e  l i t e r a t u r e  f o r  th e  m a t e r i a l s  u se d  i n  t h i s  i n v e s t i g a t i o n  
( e . g .  R o b e r tso n  ( l l ) ) .
No d u a l  p h ase  a l l o y s  a r e  u s e d  i n  t h i s  i n v e s t i g a t i o n  
so  t h a t  e x te n d e d  r e g i o n s  o f  t h e  s o l i d  where t h e  d i f f u s i o n  c o e f f i c i e n t  
i s  d i f f e r e n t  from  th e  m a t r ix  a r e  n o t  e n c o u n te r e d .
T here  i s  e v id e n c e  t o  s u g g e s t  t h a t  g r a i n  b o u n d a ry  d i f f u s i o n ,  
i f  im p o r t a n t  a t  a l l  i n  su ch  m a t e r i a l s  o n ly  becomes a p p a r e n t  a t  v e r y
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low t e m p e r a t u r e s ( l 1 , 1 2 ) .
T ra p p in g  i s  a  c o m p l ic a te d  p r o c e s s  t o  d e s c r i b e  i n  te rm s  
o f  d i f f e r e n t i a l  e q u a t i o n s  o f  d i f f u s i o n .  These e q u a t i o n s  can  o n ly  
be a p p l i e d  e f f e c t i v e l y  i n  r e l a t i v e l y  few s im p le  l i m i t i n g  c a s e s .
The model m ost o f t e n  q u o te d  i s  t h a t  o f  McNabb and 
F o s t e r d j ) *  T h i s  model c o n s i d e r s  t h a t  t h e r e  a r e  t h r e e  t y p e s  o f  
t r a p :  th o s e  w hich  c au se  n e g l i g i b l e  d e l a y ,  th o s e  w hich c au se
perm anen t d e l a y ,  and r e v e r s i b l e  t r a p s  whose d e la y  t im e s  a r e  o f  
th e  same o r d e r  a s  th e  d e la y  w hich  an  atom would n o rm a l ly  s u f f e r  
i n  i t s  t r a n s i t  th ro u g h  a  t r a p - f r e e  s o l i d .  The p a r a m e te r s  o f  th e  
model a r e  th e  c o n c e n t r a t i o n  o f  t r a p s  p e r  u n i t  vo lum e, N, th e  
p r o b a b i l i t y  o f  atom r e l e a s e ,  p ,  and a  p a ra m e te r  r e l a t e d  t o  th e  
p r o b a b i l i t y  o f  a tom  c a p t u r e ,  k .
I t  i s  assum ed t h a t  t h e  r e l e a s e  r a t e  from  t r a p s  i s  
p r o p o r t i o n a l  t o  p ,  N and  th e  f r a c t i o n ,  n ,  o f  o c c u p ie d  t r a p s  and  
t h a t  th e  c a p t u r e  r a t e  i s  p r o p o r t i o n a l  t o  k ,  th e  l o c a l  c o n c e n t r a t i o n  
o f  d i f f u s a n t ,  C, and  th e  f r a c t i o n  o f  u n o c c u p ie d  t r a p s ,  (1 — n ) .
By c o n s i d e r i n g  th e  k i n e t i c s  o f  th e  t o t a l  t r a p p e d  and 
d i s s o l v e d  H and  a p p ly in g  P i c k ' s  Law to  th e  d i s s o l v e d  p a r t  o f  th e  
t o t a l  c o n c e n t r a t i o n  McNabb and  F o s t e r  a r r i v e  a t .
N 8n .
“ S t  *  "St = (D e r a d  c )
and
= k C ( l - n )  -  pn
These  e q u a t i o n s  may be s o lv e d  to  g iv e  a  n o n - l i n e a r  e q u a t i o n  f o r  
C and n .  However, McNabb and  F o s t e r  r e c o g n i s e  an  a p p r o x im a t io n  
f o r  s m a l l  c o n c e n t r a t i o n s  where th e  c r o s s - t e r m  Cn «  c o r  n g i v i n g  
f o r  one d im e n s io n :
l8
5 n  ,- ^  = kC -  pn
! ( 1 .9 )
5c N 5n  D ô^C
“St + -?k = -TT
OX
The s o l u t i o n  o f  t h i s  p a i r  o f  e q u a t i o n s  f o r  th e  o s c i l l a t o r y  c o n d i t i o n s  
i s  d e a l t  w i th  i n  th e  A ppendix  (A .3 ) .
The t r a p p i n g  phenomenon seems t o  b e . p a r t i c u l a r l y  p r e v a l e n t  
i n  c o ld -w o rk e d  m ild  s t e e l s ( l 4 , 1 5 ) .
A f u r t h e r  ' i n t e r n a l *  phenomenon r e l a t e d  t o  t r a p p i n g  
i s  t h a t  due t o  'm i c r o v o i d s ' .  I n  t h i s  c a se  th e  hyd ro g en  i s  t r a p p e d  
a s  a  gas  i n  m ic ro p o re s  i n  th e  m e t a l .
A c co rd in g  to  th e  a n a l y s i s  o f  E l l e r b r o c k  e t  a l . ( l 6 )  th e  
p r e s s u r e  i n s i d e  t h e s e  p o re s  i s  p r o p o r t i o n a l  t o  th e  s q u a r e  o f  th e  
l o c a l  c o n c e n t r a t i o n .  Two c o n c e n t r a t i o n s ,  i n  p o r e ,  C^, and d i s s o l v e d ,  
C^, a r e  c o n s id e r e d  and f  i s  th e  volume f r a c t i o n  o f  p o re s
ô(C^ + Cg)
— ^ -----  = d iv  D g ra d
S c ,
i « e .  - g p -  = D g ra d
1 t  K(T)fC^
i . e .  t h i s  a p p e a r s  a s  an  a p p a r e n t l y  c o n c e n t r a t i o n - d e p e n d e n t  
Q^ ud K(T) i s  a  f u n c t i o n  o f  t e m p e r a t u r e .
' anom alous  ' i n t e r n a l  e f f e c t  was s u g g e s te d  
by D a r k e n d ? )  and  q u e s t i o n s  th e  t r a d i t i o n a l  s t a t i s t i c a l  i n t e r p r e t a t i o n  
o f  th e  d i f f u s i o n  c o e f f i c i e n t  s i n c e  i t  i m p l i e s  t h a t  d i f f u s i o n  o c c u r s  
down a  c h e m ic a l  p o t e n t i a l  g r a d i e n t  a s  opposed  t o  a  c o n c e n t r a t i o n  
g r a d i e n t .  D arken w r i t e s  th e  d i f f u s i o n  v e l o c i t y  a s  a  p r o d u c t  o f
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t h e  therm odynam ic  f o r c e  -  — (N = A v o g a d ro 's  number and
Gi = p .m . f . e *  o f  d i f f u s a n t )  and th e  v e l o c i t y / u n i t  f o r c e  ( m o b i l i t y ) ,
i . e .  J .  = C .v .  = -  ^  B.C. = -D. ^
d X
S in c e  G. = R T ln ( a . )  we o b t a i n  D. = k T B .( l  + ^ ^ ^ ^ i )
^ ^ d InC^
T h is  t r e a t m e n t  h a s  two i m p l i c a t i o n s ,  ohe i n t e r p r e t a t i v e  
which w i l l  be d e a l t  w i th  l a t e r  i n  t h i s  c h a p t e r  and th e  o t h e r  which 
i s  p h e n o m e n o lo g ic a l  and s u g g e s t s  t h a t  th e  d i f f u s i o n  c o e f f i c i e n t  
i s  l e s s  s im p le  t h a n  im p l ie d  by P i c k ' s  Law i f  th e  d i f f u s a n t  s o l u t i o n  
i s  n o n - i d e a l .
However, f o r  th e  c a s e s  c o n s id e r e d  h e r e  one can  su p p o se
t h a t  7 .  i s  i n v a r i a n t  w i th  c o n c e n t r a t i o n  and  hence  D. = kTB ..^ 1 1
1 * 3 .2  P r o c e s s e s  o c c u r r in g  on th e  sp ec im en  s u r f a c e s
Many p e rm e a t io n  e x p e r im e n t s  a r e  a n a ly s e d  s u p p o s in g  t h a t  
th e  sp ec im en  s u r f a c e s  a r e  a t  therm odynam ic  e q u i l i b r i u m  w i th  th e  
gas  w i th  w hich th e y  a r e  i n  c o n t a c t .  Such an  a s s u m p tio n  s i m p l i f i e s  
th e  boundary  p ro b lem  g r e a t l y  s i n c e ,  a t  one o r  b o th  s u r f a c e s
and
J  = —D ”"5x j X = s u r f a c e  
T here  i s ,  how ever, g row ing  e v id e n c e  t h a t  p e rm e a t io n  i s  
n o t  q u i t e  a s  s im p le  a  phenomenon. P h ase  b o u n d a ry  p r o c e s s e s  on 
th e  s o l i d  s u r f a c e  can  a c c o u n t  f o r  a  m e a s u ra b le  f r a c t i o n  o f  th e  
a v e ra g e  tim e  i t  t a k e s  f o r  an  atom t o  t r a v e r s e  a  membrane. As 
p o i n t e d  o u t  by Le C l a i r e ( 18 ) i t  i s  u n r e a s o n a b le  t o  e x p e c t  no d e l a y  
i n  c r o s s i n g  a  s u r f a c e  s in c e  t h i s  would im p ly  z e r o  g r a d i e n t  i n  
c h e m ic a l  p o t e n t i a l  be tw een  th e  g a s  and th e  s o l i d  and  h en ce  no
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d r i v i n g  f o r c e  f o r  s o l u t i o n  o f  gas  i n t o  th e  m e ta l .
The i m p l i c a t i o n  o f  th e  R ic h a rd s o n  e q u a t i o n  i s ,  o f  c o u r s e ,  
n o t  t h a t  e q u i l i b r i u m  a c t u a l l y  p r e v a i l s  a t  th e  g a s  s o l i d  i n t e r f a c e s  
b u t  r a t h e r  t h a t  t h e  p r o c e s s  o f  s o l u t i o n  i s  so  r a p i d  com pared w ith  
t h a t  o f  d i f f u s i o n  th ro u g h  th e  s o l i d  t h a t  i t  i s  n o t  d e t e c t a b l e  
u s i n g  n o rm a l e x p e r im e n t a l  p r o c e d u r e s .
The b a s i s  f o r  th e  d e s c r i p t i o n  o f  p e rm e a t io n  by m u l t i -  
a to m ic  g a s e s  th r o u g h  m e ta l s  was l a i d  down by R ic h a rd s o n (6 )  who 
c o n s id e r e d  t h a t ,  i n  th e  g e n e r a l  c ase  f o u r  e q u i l i b r i a  p e r t a i n  to  
a  sy s te m  o f  an  n -a to m ic  g a s  i n  c o n t a c t  w i th  a  d i s s o l v i n g  m a t r i x
n nc
—  = k  "T— = k. j  c  . = c o n c e n t r a t i o n  o f  d i s s o c i a t e d
o °  i  s p e c i e s  i n  g a s ( o )  and  s o l i d ( i )
C . = c o n c e n t r a t i o n  o f  u n d i s s o c i a t e d  
’ s p e c i e s  i n  g a s ( o )  and  s o l i d ( i )
and \ n = a t o m i c i t y
C = AC. c = a c .
0 X 0 1
He t h e n  c a l c u l a t e d  th e  s t e a d y - s t a t e  c o n c e n t r a t i o n s  th ro u g h  a  
d iaph ragm  w hich had  an e x t e r n a l  p r e s s u r e  on one s i d e  and  
z e ro  on th e  o t h e r  and  a  s m a l l  d e g re e  o f  d i s s o c i a t i o n  o u t s i d e  
th e  s o l u t i o n .
where m , a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  ( i n  th e  s o l i d )  o f
th e  u n d i s s o c i a t e d  and  d i s s o c i a t e d  s p e c i e s  so  t h a t  f lo w  was p r o p o r t i o n a l  
1 / nt o  P^ o r  P^ d e p en d in g  on th e  r e l a t i v e  d i f f u s i o n  c o e f f i c i e n t s  
and th e  d e g re e  o f  d i s s o c i a t i o n  i n  th e  s o l i d .
I f  th e  gas  i n  th e  s o l i d  was c o m p le te ly  d i s s o c i a t e d  
( S i e v e r t s  Law) th e n  C = o and Mj^»Mand k^ i s  v e r y  l a r g e
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1 . e c = r)
t h i s  gave  th e  f lo w  r a t e
n = ~  e (R ic h a r d s o n  e q u a t i o n )
S m i t h e l l s  and  R a n s le y  (7 )  u s e d  t h i s  e q u a t i o n  i n  t h e i r  e x p e r im e n t a l
i n v e s t i g a t i o n s  o f  p e r m e a t io n .  They found  t h a t  th e  p ^  r e l a t i o n s h i p
was n o t  a lw ay s  f o l l o w e d ,  r a t e s  a t  low p r e s s u r e s  b e in g  somewhat
l e s s  th a n  p r e d i c t e d  by a l i n e a r  e x t r a p o l a t i o n .  S m i t h e l l s  and
R a n s le y  p ro p o se d  t h a t  t h i s  e f f e c t  was due t o  th e  f a c t  t h a t  a t
low p r e s s u r e s  th e  sp ec im en  s u r f a c e  would n o t  be s u f f i c i e n t l y  c o v e re d
by g a s  atom s t o  r e p l e n i s h  a l l  t h e  m a t e r i a l  d i f f u s i n g  away from
th e  s u r f a c e  r e g i o n .  They s u p p o se d  t h a t  t h i s  e f f e c t  c o u ld  be t r e a t e d
a s  an  e f f e c t i v e  d e c r e a s e  i n  th e  g e o m e t r i c a l  a r e a  o f  t h e  sp ec im en
t o  a  f r a c t i o n  6 o f  i t s  h ig h  p r e s s u r e  v a l u e .  They su p p o se d  th e
Langm uir i s o th e r m  t o  be v a l i d  so  t h a t  0 = —^ - . W ang(l9)1 ap
c a r r i e d  t h e  model a  few s t a g e s  f u r t h e r .
He c o n s id e r e d  a s e r i e s  o f  p r o c e s s e s  t o  o c c u r  i n  th e  
p e rm e a t io n  s y s te m .  With a  p r e s s u r e ,  p ,  a t  t h e  i n p u t  and  a  p r e s s u r e  
o f  0 a t  th e  o u tp u t  he su p p o sed  t h a t :
( i )  Gas m o le c u le s  a r e  s im u l t a n e o u s l y  a d so rb e d  
and  d i s s o l v e d
J. = A d -  e^^)p
( i i )  R ev e rse  o f  ( i )
J = B 8 .^
J = A d  -  e ) p 
- B
( i i i )  A dsorbed  a tom s go i n t o  s o l u t i o n  
( i v )  R ev e rse  o f  ( i i i )
J z= C 8^ -  D v ^ ( l  -6^)
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where 0^  i s  th e  f r a c t i o n  o f  th e  s u r f a c e  c o v e re d  by a d so rb e d  
atom s and  i s  th e  s u r f a c e  c o n c e n t r a t i o n .
The same s e t  o f  e q u a t i o n s  ( e x c e p t  i n  th e  r e v e r s e  s e n s e )  
d e s c r i b e d  th e  o u tp u t  s u r f a c e  b u t  i n  t h i s  c a s e  p = o .
Em ploying  F i c k ' s  f i r s t  law  ( n = —E —^ ^ ) and c o n s i d e r i n g  
th e  s t e a d y - s t a t e  p e rm e a t io n  r a t e  where J \ 6 f ( x , t )  he o b t a i n e d :
2 \
1 + B /  ID ^ 2(B 4- C) \  i
C -  n lE /B  ( /B  - i /n )(B  + n) /  “
Such m u l t i —p a r a m e t r i c  n o n - l i n e a r  e q u a t i o n s  f o r  th e  p e rm e a t io n  
r a t e  a r e  t y p i c a l  when s u r f a c e  p r o c e s s e s  a r e  ta k e n  i n t o  a c c o u n t  
and th e  b e s t  t h a t  can  be done to  r e n d e r  t h e s e  o f  p r a c t i c a l  u se  
i s  t o  c o n s i d e r  a p p ro x im a t io n s  w hich may be v a l i d  u n d e r  c e r t a i n  
c o n d i t i o n s  o f  t e m p e r a t u r e ,  p r e s s u r e ,  c o n c e n t r a t i o n ,  d i f f u s i o n  
c o e f f i c i e n t ,  e t c .
T h is  a p p ro x im a t io n  p r o c e s s  i s  p e rh a p s  th e  m ost d i f f i c u l t  
a s p e c t  o f  t h i s  ty p e  o f  a n a l y s i s  s i n c e  th e  number o f  p o s s i b l e  l i m i t i n g  
c a s e s  i s  l a r g e  and t h e i r  f u n c t i o n a l  r e l a t i o n s h i p s  to  t h e  e x p e r im e n t a l  
v a r i a b l e s  can  d i f f e r  w id e ly .
Wang s  a p p ro x im a t io n s  were made i n  th e  hope o f  e x p l a i n i n g  
th e  r e s u l t s  o f  S m i t h e l l s  and R a n s l e y 's  e x p e r im e n t s  and were 
c o n c e rn e d  w i th  s u r f a c e  c o v e r a g e .  I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  
Wang i n  h i s  s u r f a c e  co v e rag e  a p p r o x im a t io n s  to o k  no c o g n iz a n c e  
o f  th e  f a c t  t h a t  t h e  co v e rag e  on th e  o u tp u t  s u r f a c e  may be much 
l e s s  t h a n  on th e  i n p u t  s u r f a c e  b u t  c o n s id e r e d  b o th  t o  be i n  th e  
same re g im e ,  i . e .  i f  e . g .  n -►B, c o r r e s p o n d in g  to  s u r f a c e  s a t u r a t i o n  
t h i s  was c o n s id e r e d  to  o c c u r  on th e  o u tp u t  s u r f a c e  a s  w e l l .
At any  r a t e ,  he p ro d u c e d  th e  n o rm a l l i m i t i n g  c a s e s  where 
p e rm e a t io n  r a t e  may be p r o p o r t i o n a l  t o  p o r  / p  a s  i s  q u i t e  s t a n d a r d  
i n  su ch  a n a l y s e s .
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A f u r t h e r  c o m p l i c a t i o n  to  th e  s u r f a c e  p r o c e s s e s  was 
a l s o  i n t r o d u c e d  to  a c c o u n t  f o r  t h e  p o s s i b i l i t y  t h a t  some atom s 
may b y - p a s s  p a r t  o f  th e  p r o c e s s  o f  s o l u t i o n  by moving from th e  
b u lk  t o  a  s i t e  o c c u p ie d  by an  a d so rb e d  atom and im m e d ia te ly  moving 
i n t o  th e  g a s  p h ase  (an d  v i c e  v e r s a ) . T h is  was i n t r o d u c e d  t o  a v o id  
t h e  i m p l i c a t i o n  t h a t  a t  v e ry  l a r g e  p r e s s u r e s  th e  p e rm e a t io n  r a t e  
would become p r o p o r t i o n a l  t o  p a g a i n .
F a s t (2 0 ,  21) d i s c u s s e d  th e  p rob lem  and h a s  p e r fo rm e d  
some q u a l i t a t i v e  e x p e r im e n t s  t o  s u p p o r t  h i s  h y p o th e s e s  r e g a r d i n g  
th e  s o l u t i o n  p r o c e s s .  He exam ined  s u r f a c e  ro u g h n e s s  e f f e c t s  and 
th e  e f f e c t  o f  p r e - d i s s o c i a t i n g  th e  g a s  u s in g  a  h o t  t u n g s t e n  
s p i r a l .  H is  a p p ro a c h  was t o  c o n s i d e r  t h a t  sm ooth s u r f a c e s  a r e  
more l i k e l y  t o  be a d s o r p t i o n  l i m i t e d  th a n  a r e  ro u g h  s u r f a c e s .
The e f f e c t s  a r e  sum m arised  i n  th e  T a b le :
P e r m e a b i l i t y
I n p u t  S u r f a c e O utpu t S u r f a c e
Rougher Sm oother Rougher S m oother
H d e c r e a s e i n c r e a s e i n c r e a s e d e c r e a s e
i n c r e a s e d e c r e a s e i n c r e a s e d e c r e a s e
As e x p e c te d ,  p r e - d i s s o c i a t i o n  o n ly  a f f e c t e d  th e  r o l e  o f  t h e  i n p u t  
s u r f a c e .  Rough s u r f a c e s  had  a  te n d e n c y  t o  i n c r e a s e  th e  a d s o r p t i o n  
r a t e  ( p r o b a b ly  by i n c r e a s i n g  th e  e f f e c t i v e  s u r f a c e  a r e a )  b u t  w ould 
' t r a p *  h y d ro g e n  atom s p o s s i b l y  on ' p o i n t s '  on th e  s u r f a c e  so  t h a t  
th e  s o l u t i o n  s t e p  becomes more d i f f i c u l t .  I t  i s  n o t  c l e a r  why 
ro u g h in g  o f  t h e  o u tp u t  s u r f a c e  s h o u ld  i n c r e a s e  t h e  p e r m e a b i l i t y  
s i n c e  one m igh t e x p e c t  t h a t  t h e  r e c o m b in a t io n  r a t e  would be 
lo w e re d  by th e  i n c r e a s e d  s u r f a c e  a r e a .
Ash and  B a r r e r  (2 2 )  have  c o n s id e r e d  a  s i m i l a r  model
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t o  t h a t  o f  Wang and exam ined a  number o f  l i m i t i n g  c a s e s  where 
t h e  p e r m e a b i l i t y  can  v a ry  w i th  t h i c k n e s s  from 1° to  1  ^ and  w ith  
p r e s s u r e  from p° t o  p ^ .
F u r t h e r  a n a ly s e s  b y ,  f o r  exam ple A li-K h an  £ t  a l . ( 2 3 ) « 
S hupe(24 )  and  P e r k i n s  and N oda(23) a r e  l i t t l e  d i f f e r e n t  i n  e s s e n c e  
e x c e p t  t h a t  some o f  th e  s t e p s  a r e  rem oved i n  some c a s e s  f o r  
s i m p l i c i t y .
The p ro b lem s  e n c o u n te r e d  by Ash and B a r r e r  i n  th e  s o l u t i o n  
o f  ev en  th e  s t e a d y - s t a t e  f l u x  e q u a t i o n  can  be s i m p l i f i e d  by 
d i s r e g a r d i n g  s u r f a c e  c o v e ra g e  e f f e c t s .  T h i s  i s  ta n ta m o u n t  t o  
assu m in g  t h a t  when a  h y d ro g en  atom a r r i v e s  a t  an  a d s o r p t i o n  s i t e  
i t  i s  u n l i k e l y  t h a t  a n o th e r  h y d ro g e n  atom w i l l  a l r e a d y  be o ccu p y in g  
t h a t  s i t e .  T h is  means t h a t  0  c an  be d i s r e g a r d e d  i n  c o m p ar iso n  
w i th  u n i t y  i n  W ang's f l u x  e q u a t i o n s .
A r a t h e r  d i f f e r e n t  s u r f a c e  p r o c e s s  i s  one w here th e  p e rm e a t io  
r a t e  i s  r e d u c e d  by a  f i l m  on th e  m e ta l  s u r f a c e  ( e . g .  o x id e s  on 
s t a i n l e s s  s t e e l ) .  T h i s  p rob lem  h a s  b een  c o n s id e r e d  b y S tre h lo w  
and S a v a g e ( 2 6 ) who su p p o se  t h a t  t h e  p r i n c i p a l  d i f f u s i o n  p a th  i s  
th ro u g h  d e f e c t s  i n  th e  o x id e  f i l m .  They u se  an  e l e c t r i c a l  a n a lo g u e  
f o r  th e  c o n s t r i c t i o n  r e s i s t a n c e  o f  a  s e t  o f  c i r c u l a r  p o r e s .  They 
a r r i v e d  a t :
DK
T  -  iJ
where x i s  th e  t h i c k n e s s  and a  and  21 a r e  th e  a v e ra g e  r a d i u s  and 
s e p a r a t i o n  o f  t h e  p o r e s .
A n o th e r  p o s s i b l e  t r e a t m e n t  o f  t h i s  p ro b le m , e . g .  Le C l a i r e ( l 8  
i s  t o  c o n s i d e r  t h a t  th e  gas  d i s s o l v e s  m o l e c u l a r l y  i n  th e  f i l m  
gnd t o  t r e a t  th e  p rob lem  a s  one o f  p e rm e a t io n  th ro u g h  a  c o m p o s i te  
medium.
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1 .6  D i f f u s i o n  a s  an  A c t iv a t e d  P r o c e s s
A v a s t  amount h a s  b e en  w r i t t e n  on th e  a t o m i s t i c  
i n t e r p r e t a t i o n  o f  th e  d i f f u s i o n  c o e f f i c i e n t .  S in c e  none o f  
t h i s  w ork i s  f u l l y  q u a n t i t a t i v e  ( i . e .  th e  d i f f u s i o n  c o e f f i c i e n t  
o f  h y d ro g en  i n  a  s p e c i f i e d  m e ta l  c a n n o t  be c a l c u l a t e d  from o t h e r ,  
more fu n d a m e n ta l ,  p r o p e r t i e s )  i t  i s  o f  l i t t l e  v a lu e  f o r  p r e s e n t  
p u rp o s e s  t o  go d e e p ly  i n t o  th e  s t a t i s t i c a l  o r  quantum m echan ics  
employed by s u ch  m o d e ls .  I t  i s  i n t e n d e d  h e r e  o n ly  to  g iv e  
j u s t i f i c a t i o n  f o r  th e  e x p e r i m e n t a l l y  o b s e r v a b le  p r o p e r t y  o f  
th e  d i f f u s i o n  c o e f f i c i e n t  -  t h a t  i t  f o l l o w s  on A r rh e n iu s  r e l a t i o n ­
s h i p  w i th  t e m p e r a tu r e  D = D^ exp  . F o r  t h i s  p u rp o se  i t  
i s  s u f f i c i e n t  to  c o n s i d e r  a  v e r y  s im p le  s t a t i s t i c a l  model f o r  
d i f f u s i o n .
F i r s t l y ,  we m igh t ecpect t h a t  th e  s o u r c e  o f  th e  th e r m a l  
a c t i v a t i o n  f o r  th e  d i f f u s i o n  c o e f f i c i e n t  l i e s  i n  th e  f a c t  t h a t  
th e  l a t t i c e  can  be s e e n  a s  a  3-D s p a c e  w i th  a  p e r i o d i c a l l y  v a r y in g  
p o t e n t i a l .  The c o n s t i t u e n t  atom s o f  t h i s  l a t t i c e  a r e  i n  v i b r a t i o n a l  
(an d  som etim es  t r a n s l a t i o n a l )  m o tio n  and th u s  t h e  p o t e n t i a l  i s  
p e r i o d i c  i n  t im e  a s  w e l l  a s  s p a c e .  I f  an  i n t e r s t i t i a l  s o l u t e  
i s  i n t r o d u c e d  i n t o  t h i s  l a t t i c e  ( i t  i s  a  p o i n t  o f  d e t a i l  w h e th e r  
o r  n o t  th e  i n t e r s t i t i a l  i s  c o n s i d e r e d  t o  d i s t u r b  th e  p o t e n t i a l  
f i e l d )  a t  a  w e l l  i n  p o t e n t i a l ,  th e  p r o b a b i l i t y  o f  a  d i f f u s i o n  
e v e n t  w i l l  be a  f u n c t i o n  o f  th e  h e i g h t  o f  th e  p o t e n t i a l  e n e rg y  
b a r r i e r  be tw een  th e  o c c u p ie d  s i t e  and  th e  n e x t  s t a b l e  i n t e r s t i t i a l  
s i t e .
I n  o r d e r  t h a t  an  a tom , how ever s m a l l ,  can  move be tw een  
th e  s i t e s  o f  th e  h o s t  l a t t i c e ,  t h e  l a t t i c e  m ust make some 
accom m odating movement, i . e .  t h e  h o s t  l a t t i c e  atom s m ust move 
a p a r t  ( th r o u g h  th e r m a l  v i b r a t i o n )  a n d ,  t h e r e f o r e ,  i t  m ig h t  be
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e x p e c te d  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  w i l l  be i n  some way r e l a t e d  
t o  th e  i n t e r s t i t i a l  s i z e ,  th e  s i t e  s i z e ,  th e  l a t t i c e  t y p e ,  
t e m p e r a tu r e  and th e  v i b r a t i o n a l  f r e q u e n c y  and a m p l i tu d e  o f  th e  
l a t t i c e .  S in c e  h y d ro g e n  i s  th e  s m a l l e s t  o f  t h e  i n t e r s t i t i a l s  
i t  m ig h t  be e x p e c te d  t h a t  i t  w i l l  show a  r e l a t i v e l y  r a p i d  r a t e  
o f  d i f f u s i o n s  i n  m e ta l s  a s  i s  th e  c a s e .
I f  t h e  f l u x  o f  atom s from one a to m ic  p la n e  to  th e  n e x t  
i s  d e f in e d  a s  a  jump f r e q u e n c y ,  F , t im e s  th e  a to m ic  c o n c e n t r a t i o n /  
u n i t  a r e a  d i f f e r e n c e  a c r o s s  two a d j a c e n t  a to m ic  p l a n e s ,  th e  w e l l  
known r e l a t i o n s h i p  be tw een  th e  l a t t i c e  p a r a m e te r  a  , jump f r e q u e n c y  
and  d i f f u s i o n  c o e f f i c i e n t  can  be o b t a in e d :
D = f  F a^
where f  i s  a  g e o m e t r i c a l  f a c t o r .
However, F i s  a  h a r d l y  more fu n d a m e n ta l  q u a n t i t y  t h a n  i s  D 
and f u r t h e r  i n v e s t i g a t i o n  i s  r e q u i r e d  t o  r e n d e r  t h i s  a p p ro a c h  
u s e f u l .  B ro a d ly  s p e a k in g ,  t h i s  jump f r e q u e n c y  can  be s e e n  a s  
th e  p r o d u c t  o f  some f r e q u e n c y  o f  v i b r a t i o n  and a  p r o b a b i l i t y  t h a t  
can  be s e e n  a s  a  c o n c e n t r a t i o n  o f  a c t i v a t e d  com plexes  o r  a s  a  
p r o b a b i l i t y  t h a t  an  i n t e r s t i t i a l  atom w i l l  have  t h e  r e q u i s i t e  
a c t i v a t i o n  e n e r g y  to  move th o u g h  th e  s a d d le  p o i n t  c r e a t e d  by th e  
l a t t i c e  v i b r a t i o n s  and  t h i s  l a t t e r  i s  th e  s o u rc e  o f  t h e  a c t i v a t i o n  
e n e r g y .
1 .7  C ho ice  o f  M a t e r i a l s
I t  h a s  a l r e a d y  b e en  s t a t e d  t h a t  h y d ro g e n  moves v e r y  
q u ic k ly  th r o u g h  m e ta l s  com pared w i th  s u b s t i t u t i o n a l  and  o t h e r  
i n t e r s t i t i a l  s o l u t e s .
T h is  p r o p e r t y  e n s u r e s  t h a t  th e  o u tp u t  s i g n a l  p ro d u c e d  
by a  r e l a t i v e l y  s m a l l  i n p u t  m o d u la t io n  w i l l  be l a r g e  enough to
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be d e t e c t e d  i n  th e  t e m p e r a tu r e  and t h i c k n e s s  ra n g e  u sed  i n  t h i s  
w ork.
F o r  t h i s  r e a s o n  h y d ro g en  h a s  been  ch o sen  a s  th e  d i f f u s a n t .  
O th e r  i s o t o p e s  o f  h y d ro g en  have n o t  been  u sed  b u t  F a r a j ( 2 7 )  has  
s t u d i e d  th e  p e rm e a t io n  o f  h y d ro g en  and d e u te r iu m  th ro u g h  m e ta l  
f o i l s  i n  a  v e ry  s i m i l a r  o s c i l l a t o r y  e x p e r im e n t .
T hree  sp ec im en  m a t e r i a l s  have been  u sed  i n  t h i s  s tu d y ;  
n i c k e l ,  molybdenum and s t a i n l e s s  s t e e l .
Of th e  two pu re  m e t a l s ,  n i c k e l  was ch o sen  b e ca u se  o f  
th e  r e m a rk a b le  r e p r o d u c i b i l i t y  o f  th e  c l a s s i c a l  p e rm e a t io n  
q u a n t i t i e s  P ^ , D o b ta in e d  by o t h e r  i n v e s t i g a t o r s  w i th  a  wide 
v a r i e t y  o f  t e c h n i q u e s ( l 1 ) .  T h i s  m a t e r i a l  w as, t h e r e f o r e ,  i n c lu d e d  
a s  a  t r i a l  o f  th e  t e c h n iq u e  u n d e r  r e l a t i v e l y  w e l l  known c o n d i t i o n s .
Molybdenum was c h o se n  f o r  th e  o p p o s i t e  r e a s o n .  C l a s s i c a l  
p e rm e a t io n  q u a n t i t i e s  m easured  i n  t h i s  m a t e r i a l  v a ry  q u i t e  
c o n s i d e r a b l y d ) .  T h is  s u g g e s t s  t h a t  some m e a su ra b le  n o n - c l a s s i c a l  
p r o c e s s e s  may be o c c u r r i n g  i n  th e  H-Mo s y s te m .
S t a i n l e s s  s t e e l  i s  a  com plex m a t e r i a l  f o r  two r e a s o n s .  
F i r s t l y ,  i t  i s  an  a l l o y  c o n t a i n i n g  a  l a r g e  f r a c t i o n  o f  s u b s t i t u t i o n a l  
s o l u t e s  ( p r i n c i p a l l y  Or, N i)  w hich  may p ro d u ce  l o c a l  d i s t o r t i o n s  
i n  th e  l a t t i c e  c a p a b le  o f  t r a p p i n g  h y d ro g en  a to m s .  S e c o n d ly  i t  
fo rm s a  v e r y  s t a b l e  and r e l a t i v e l y  im perm eable  o x id e  l a y e r  w h ich , 
a l t h o u g h  t h i n ,  c an  p ro d u ce  l a r g e  r e d u c t i o n s  i n  th e  p e rm e a t io n  
r a t e ,  ( e . g ( 2 8 ) ) .
I t  was hoped t h a t  t h e s e  m a t e r i a l s  would p ro v id e  a  r a n g e  
o f  b e h a v i o u r a l  r e s p o n s e s  i n  o r d e r  to  t e s t  th e  u s e f u l n e s s  o f  th e  
o s c i l l a t o r y  t e c h n i q u e .
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1 .8  Summary
I n  th e  f o r e g o in g  c h a p t e r  m easurem en ts  o f  th e  d i f f u s i o n  
p r o c e s s  v i a  c o n c e n t r a t i o n  and f l u x  m easurem en ts  have  been  re v ie w ed  
and com pared . I t  h a s  been  c o n c lu d e d  t h a t  f l u x e s  a l lo w  i n  s i t u  
m easurem ent b u t  t h a t  t h i s  may be c o m p l ic a te d  by th e  e f f e c t s  o f  
p h a se -b o u n d a ry  p r o c e s s e s .  Such c o m p l i c a t i o n s  may, o f  th e m s e lv e s ,  
be i n t e r e s t i n g  t e c h n o l o g i c a l l y  e s p e c i a l l y  where p e rm e a t io n  from 
v e r y  low p r e s s u r e s  i s  i n v o l v e d ,  a s  i s  t h e  c a s e  f o r  t r i t i u m  i n  
f u s i o n  r e a c t o r s .
Methods o f  s t u d y in g  p e rm e a t io n  th ro u g h  m e ta l s  have b een  
c o n s id e r e d  and th e  im p o r ta n c e  o f  t im e -d e p e n d e n t  t e c h n i q u e s  i n  
o b t a i n i n g  th e  d i f f u s i o n  c o e f f i c i e n t  a s  o pposed  t o  t h e  p e r m e a b i l i t y  
h a s  b e en  s t r e s s e d .
The v a r i o u s  p o s s i b l e  s o u r c e s  o f  'n o n —c l a s s i c a l *  b e h a v io u r  
have b een  c a t e g o r i s e d  and r e v ie w e d  w i th  p a r t i c u l a r  em p h as is  on 
th o s e  a p p l i c a b l e  t o  t h e  p r e s e n t  w ork .
I t  h a s  b e en  s u g g e s te d  t h a t  t h e  o s c i l l a t o r y  te c h n i q u e  
may be u s e f u l  n o t  o n ly  f o r  o b t a i n i n g  D, b u t ,  by  u s i n g  a  v a r i e t y
o f  m o d u la to ry  f r e q u e n c i e s ,  n o n - c l a s s i c a l  b e h a v io u r  may, i f  p r e s e n t ,  
be d e t e c t e d .
C h a p te r  2 d e s c r i b e s  an  e x p e r im e n t  w hich was d e v i s e d  t o  
m easure  th e  p r e s s u r e  a t  th e  o u t p u t  s u r f a c e  o f  a  m e ta l  d iaph ragm  
p ro d u c e d  by a  m o d u la ted  i n p u t  p r e s s u r e  p r e p a r a t o r y  t o  ex am in in g  
t h e  r e l a t i o n s h i p  b e tw een  th e s e  two o s c i l l a t o r y  q u a n t i t i e s  p ro d u ced  
by a  d iaph ragm  o f  a  s p e c i f i e d  m a t e r i a l .
CHAPTER 2 .
APPARATUS AND EXPE7.INENTAL PROCEDURE
29
2 .1  G e n e ra l  S p e c i f i c a t i o n
The aim o f  t h i s  e x p e r im e n t  was to  m easure  th e  p a ra m e te r s  
d e te r m in in g  th e  p e rm e a t io n  o f  h y d ro g en  th ro u g h  th e  t h r e e  spec im en  
m a t e r i a l s  u s in g  a  m o d u la ted  d r i v i n g  p r e s s u r e .
I t  was n e c e s s a r y ,  i n  o r d e r  to  deduce th e  p e rm e a t io n  
p a r a m e te r s ,  t o  m easure  phase  and a m p l i tu d e  r e l a t i o n s h i p s  be tw een  
th e  i n p u t  and o u tp u t  w aves . To t h i s  e n d ,  b o th  i n p u t  and o u tp u t  
p r e s s u r e s  were m easured  a s  a  f u n c t i o n  o f  t im e .  F u r th e r m o r e ,  i t  
was n e c e s s a r y  to  d e v i s e  a  c o n t r o l  sy s tem  f o r  t h e  i n p u t  p r e s s u r e  
so  t h a t  i t  c o u ld  be c a u se d  to  f o l l o w  a  s p e c i f i e d  f u n c t i o n  o f  t im e .  
The u s e f u l  f r e q u e n c y  ra n g e  c o u ld  be e s t i m a t e d  by th e  r e q u i r e m e n t
n 2
t h a t  t h e  d i f f u s i o n  t im e  be an a p p r e c i a b l e  f r a c t i o n  o f
th e  p e r i o d  o f  o s c i l l a t i o n .
W ith th e s e  r e q u i r e m e n t s  i n  mind a d o u b le  vacuum sy s tem  
was c o n s t r u c t e d  w i th  two cham bers b e in g  s e p a r a t e d  by a  d iaph ragm  
o f  th e  sp ec im en  m a t e r i a l .
The i n p u t  p r e s s u r e  was m o d u la ted  by a ro u n d  10% o v e r  
a  mean v a lu e  o f  10° t o  10 ^  t o r r .  The d e t e c t a b l e  f l u x  m o d u la t io n  
i n  th e  o u tp u t  cham ber was a b o u t  10"^  o f  i t s  mean v a lu e  b u t  t h i s  
c o u ld  be en h an ced  by s i g n a l  a v e r a g i n g .
Some o f  th e  s t r i n g e n c y  i n  i n p u t  p r e s s u r e  c o n t r o l  c o u ld  
be r e l i e v e d  by F o u r i e r  a n a l y s i s  and s i g n a l  a v e r a g in g  o f  b o th  th e  
i n p u t  and o u tp u t  s i g n a l s .
2 .2  S ch em atic  D iagram
I n  th e  i n t e r e s t s  o f  c l a r i t y  th e  e x p e r im e n t a l  s y s te m  i s  
p r e s e n t e d  i n  F ig u r e  2 .1  i n  a  s c h e m a t ic  fo rm .
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Vacuum p ip ew o rk  i s  shown a s  p a r a l l e l  t h i c k  l i n e s  e x c e p t  ■ 
f o r  th e  b a k e a b le  r e g i o n  w hich i s  shown i n  b lo c k  fo rm . V alves  
a r e  r e p r e s e n t e d  by c i r c l e s  e n c l o s i n g  c r o s s e s  and a n c i l l a r y  vacuum 
com ponents by ob lo rg  boxes  c o n n e c te d  t o  th e  t u b i n g .
The b a k e a b le  r e g i o n  t e r m i n a t e s  a t  v a lv e s  V6 and V7 and 
th e s e  and o t h e r  v a lv e s  w i t h i n  t h e  b a k e a b le  r e g i o n  a r e  c o p p e r / k n i f e -  
edge s e a l e d  U.H.V. v a l v e s .  A l l  c o n t r o l  u n i t s  and m ains s u p p ly  
a r e  o m i t t e d  f o r  c l a r i t y .  O th e r  e l e c t r o n i c  com ponents a r e  r e p r e s e n t e d  
by o b lo n g  b o x e s .
The r e g i o n  below  th e  h o r i z o n t a l  d o t t e d  l i n e  r e p r e s e n t s  
th e  e x p e r im e n t a l  s y s te m  and t h a t  above th e  d o t t e d  l i n e  th e  
m easurem ent and  c o n t r o l  s y s te m .
A l l  com ponents a r e  numbered and v a lv e  numbers a r e  p r e f i x e d  
by th e  l e t t e r  ' V .  D a ta  com m unica tion  i s  r e p r e s e n t e d  by t h i n  
l i n e s  and each  u n iq u e  l i n e  h a s  a  l e t t e r  a s s o c i a t e d  w i th  i t .  T r a n s f e r s  
t h r o u g h ,  and  p r o c e s s i n g  by e l e c t r o n i c s  u n i t s  a r e  r e p r e s e n t e d  by 
d o t t e d  l i n e s  w i t h i n  th e  a p p r o p r i a t e  b o x .
The c i r c l e  i n  t h e  c e n t r e  o f  t h e  u p p e r  p o r t i o n  o f  th e  
d iag ram  r e p r e s e n t s  th e  e x p e r im e n te r  and th e  t h i c k  l i n e s  r a d i a t i n g  
from  t h i s  c i r c l e  r e p r e s e n t  th e  e x p e r i m e n t e r - c o n t r o l l e d  i n p u t s .
D e t a i l e d  o p e r a t i o n  i s  d e s c r i b e d  l a t e r .
The key  to  th e  com ponents  i s  a s  f o l l o w s :
1 : E x p e r im e n te r
2 :  T r i t o n  T r i v e c t o r  M in ico m p u te r
5 : F lo p p y  D isc  D a ta  S to r a g e
4 : Newbury V is u a l  D is p la y  U n i t  f o r  e x p e r im e n t a l  i n p u t  and
o u t p u t  i n t e r r o g a t i o n  
5 :  West V is c o u n t  Room—T e m p e ra tu re  Com pensated T em p era tu re
C o n t r o l l e r
6 : S o l a r t r o n  3510 I n t e g r a t e d  M easurem ent System
10
12
V7
V2
VI
21
20
F ig u r e  2 .1  S c h e m a t ic  D iagram  o f  th e  
E x p e r im e n ta l  System
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7: D a ta la b  DL^OOO S ig n a l  A v e rag e r
8; Twin Pen C h a r t  R ec o rd e r
9 : Advance O s c i l l o s c o p e
10; D e l r i s t o r  I c e l l  (T herm ocouple  Cold  J u n c t i o n )
11: V.G. M icrom ass M/M1 R e s id u a l  Gas A n a ly s e r
12: A . E . I .  p 60 T r io d e  Io n  Pump
13: O u tp u t  U.H.V. Chamber
l 4 :  I n p u t  U.H.V. Chamber
15: Edwards P i r a n i  9 Vacuum Gauge c a l i b r a t e d  f o r  h y d ro g en
l 6 :  P a r v a lu x  24V D.C. M otor f o r  l e a k  v a lv e  c o n t r o l
17: S t a i n l e s s  S t e e l  B a l l a s t  Volume ( l  l i t e r )
l 8 :  L e y b o ld  (DIFF170) D i f f u s i o n  Pump f i t t e d  w i th  low v ap o u r
p r e s s u r e  f l u i d  (S a n to v a c  5 )
19: H ydrogen c y l i n d e r  (R e s e a rc h  G rade)
:}20: . L ey b o ld  T r iv a c  D4A R o ta ry  Pump21
22: Specim en
2 3 : M in e r a l  i n s u l a t e d  c o a x i a l  c a b le  wound f u r n a c e  f o r  sp ec im en
h e a t i n g
24: M easu r in g  C hrorael/A lum el Therm ocouple
2 5 :  C o n t r o l  P t / P t  13$6 Rh Therm ocouple
The key  to  i n f o r m a t i o n  t r a n s f e r  i s  a s  f o l l o w s :  
a :  I n p u t  p r e s s u r e
b : O u tp u t  p r e s s u r e
c :  Specim en te m p e r a tu r e  (M easurem ent)
d : Specim en t e m p e r a tu r e  ( C o n t r o l l e r )
e :  F u rn ac e  Power ( t h i s  i s  e x c e p t i o n a l  i n  t h a t  i t  i s  n o t
i n f o r m a t i o n )
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f :  E r r o r  s i g n a l  be tw een  r e f e r e n c e  and m easured  in p u t  p r e s s u r e
g: R e fe re n c e  i n p u t  p r e s s u r e  wave
h ;  Sum m arised r e s u l t s  ( f ro m  f lo p p y  d i s c / c o m p u te r )
i :  Summ arised r e s u l t s  ( f rom  D a ta la b /c o m p u te r )
j :  R e q u i re d  sp ec im en  t e m p e r a tu r e
The sp ec im en  m a t e r i a l  i n  th e  form o f  a  f o i l  o f  t h i c k n e s s  
be tw een  .5  and  .1 ram s e p a r a t e d  two h ig h  vacuum c h am b ers .  A 
m o d u la ted  p r e s s u r e  o f  h y d ro g e n  was s u p p l i e d  to  th e  i n p u t  chamber 
and th e  p r e s s u r e  i n  th e  o u t p u t  chamber f o l lo w e d .
A n a ly s i s  o f  t h e  r e s u l t s  was i n  te rm s  o f  th e  r e s p o n s e  
o f  th e  o u tp u t  p r e s s u r e  to  th e  t im e  v a r i a t i o n  o f  th e  i n p u t  p r e s s u r e .  
I n  th e  p a r t i c u l a r  c a s e  o f  a  s i n u s o i d a l  i n p u t  p r e s s u r e  th e  m easured  
p a r a m e te r s  a r e  th e  i n p u t  mean v a lu e  and a m p l i tu d e  p ,  , t h e  
o u tp u t  mean v a lu e  and  a m p l i tu d e  p * , pjj and  th e  p hase  l a g  be tw een  
th e  i n p u t  and  o u t p u t  w aves , 0  •
I n  a d d i t i o n  to  th e  p r e s s u r e s  o t h e r  e x p e r im e n t a l  v a r i a b l e s  
a r e  a n g u l a r  f r e q u e n c y  o f  m o d u la t io n ,  w , sp ec im en  t e m p e r a t u r e ,  T, 
sp ec im en  t h i c k n e s s ,  1 ,  and  sp ec im en  m a t e r i a l .
2 .3  Vacuum
The vacuum s y s te m  i n c l u d e d  a  b a k e a b le  and  a  n o n -b a k e a b le  
r e g i o n .  The b a k e a b le  r e g i o n  c o n s i s t e d  o f  t h e  i n p u t  and  o u tp u t  
cham bers and was o f  a l l  s t a i n l e s s  s t e e l  c o n s t r u c t i o n  s e a l e d  w i th  
vacuum g e n e r a t o r s  FC38 c o p p e r / k n i f e - e d g e  f l a n g e s .
The sp ec im en  cham ber c o n s i s t e d  o f  two c o p p e r / k n i f e - e d g e  
s e a l  to  g o ld  w ire  c o m p re ss io n  s e a l  a d a p t o r s ,  t h e  g o ld  s e a l  f l a n g e s  
b e in g  u se d  to  s e a l  t h e  sp ec im en  d i s c  i n  a  f l a n g e / g o ld  w i r e / s p e c i m e n /  
g o ld  w i r e / f l a n g e  s a n d w ic h .  T h is  a ss e m b ly  c o u ld  be dem ounted from
34
t h e  sy s te m  to  a l lo w  c a r e f u l  p o s i t i o n i n g  o f  th e  spec im en  and g o ld  
s e a l s .
The o u tp u t  chamber i n c lu d e d  a  U.H.V. v a lv e  ( v 6 ) t o  th e  
ro u g h in g  l i n e  and two b a c k - t o - b a c k  U.H.V. v a l v e s  (V8) s e p a r a t e d  
th e  Io n  Pump from th e  o u tp u t  cham ber. T h is  l a t t e r  c o n f i g u r a t i o n  
e n s u r e d  a  h ig h  c o n d u c ta n c e  b e tw een  th e  o u tp u t  chamber and i t s  
h ig h  vacuum pump and t h e r e f o r e  r e d u c e d  th e  pumping sp ee d  i n  th e  
o u tp u t  chamber t o  g iv e  h i g h e r  o u tp u t  p r e s s u r e  a m p l i tu d e  f o r  a  
g iv e n  i n p u t  p r e s s u r e  a m p l i t u d e .
The a n a l y s e r  head  o f  t h e  mass s p e c t r o m e t e r  was mounted 
a t  r i g h t  a n g le s  t o  th e  specim en-pum p f lo w  d i r e c t i o n .  T h i s  e n s u r e d  
t h a t  gas  m o le c u le s  coming from  th e  sp ec im en  had  a t  l e a s t  one c o ld  
w a l l  c o l l i s i o n  b e f o r e  p r e s s u r e  m easu rem en t.  B e fo re  o p e r a t i o n  
o f  th e  e x p e r im e n t  th e  p ip ew o rk  below  v a lv e  V6 was d i s c o n n e c te d  
to  e n s u r e  t h a t  no le a k a g e  o c c u r r e d  from  th e  i n p u t  chamber t o  th e  
o u tp u t  chamber by t h i s  r o u t e .
The b a k e a b le  r e g i o n  o f  t h e  i n p u t  cham ber c o n ta i n e d  o n ly  
th e  i n p u t  s i d e  o f  th e  sp ec im en  a sse m b ly  and a  U.H.V. v a l v e ,  V?, 
t o  i s o l a t e  i t  from  th e  r o u g h in g  l i n e .
The n o n -b a k e a b le  r e g i o n  o f  th e  sy s te m  c o n s i s t e d  o f  th e  
p r e s s u r e  m o d u la t in g  v a l v e ,  V3, t h e  b a l l a s t  vo lum e, th e  ro u g h  pumping 
sy s te m ,  and i n p u t  p r e s s u r e  m e asu rem en t.
The r o u g h in g  sy s tem  c o n s i s t e d  o f  a  L eybo ld  D i f f u s i o n  
Pump w i th  w a te r - c o o l e d  t r a p  b ack ed  by a  r o t a r y  pump. No by—p a s s  
f a c i l i t y  was f i t t e d  a ro u n d  t h e  d i f f u s i o n  pump and r o t a r y  pumping 
was a c h ie v e d  th ro u g h  th e  body o f  th e  d i f f u s i o n  pump i n c i d e n t a l l y  
p r o v id i n g  th e  r e d u c t i o n  i n  pumping sp e e d  r e q u i r e d  f o r  e f f i c i e n t  
o p e r a t i o n  o f  t h e  m o d u la to r .  F u r t h e r  c h o k in g  o f  th e  r o t a r y  pumping 
sp ee d  c o u ld  be o b t a in e d  by a d j u s t i n g  v a l v e s  VI and V2 and a  f o r e l i n e
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t r a p  was f i t t e d  b e tw een  VI and th e  d i f f u s i o n  pump to  a v o id  r o t a r y  ' 
pump o i l  c o n ta m in a t io n  o f  th e  U.H.V. r e g i o n  o f  th e  i n p u t  cham ber.
The f l u i d  u s e d  i n  th e  d i f f u s i o n  pump was o f  a  s p e c i a l  low vap o u r 
p r e s s u r e  ty p e  (S a n to v a c  5 )*  The b a l l a s t  t a n k  a sse m b ly  was l o c a l l y  
baked  and  f l u s h e d  s e v e r a l  t im e s  u s in g  th e  h y d ro g e n  c y l i n d e r  (19) 
and r o t a r y  pump ( 2 0 ) .  A f t e r  t h i s  t r e a t m e n t  c o n t a c t  b e tw een  
a tm o sp h e re  and  th e  b a l l a s t  volume was a v o id e d .
The p ip ew o rk  i n  t h e  n o n -b a k e a b le  r e g i o n  was V i to n  *0' 
r i n g  s e a l e d  w i th  Edwards * S p e e d iv a c '  c o u p l in g s  and  v a lv e s  were 
o f  SC25 V i to n  s e a l e d  ty p e  w i th  th e  e x c e p t i o n  o f  t h e  v a lv e  V3 to  
be d e s c r i b e d  l a t e r .
A f t e r  m oun ting  a  new sp ec im en  th e  b a k e a b le  s e c t i o n  was 
e n c lo s e d  i n  an  a lum in ium  box and  h e a t e d  t o  230-300°C  w i th  v a lv e s  
V6 and  V7 open to  t h e  ro u g h in g  l i n e  and  w i th  th e  i o n  pump s w i tc h e d  
o f f  and  a l s o  h e a t e d  t o  dump a l l  t h e  h y d ro g en  a c c u m u la te d  d u r in g  
th e  p r e v io u s  r u n  and to  e l i m i n a t e  memory e f f e c t  a s  much a s  p o s s i b l e .
D u rin g  t h i s  o p e r a t i o n  th e  sp ec im en  f u r n a c e  was s w i tc h e d  
on and  th e  sp ec im en  h e a te d  t o  i t s  maximum t e m p e r a t u r e , u s u a l l y  
600—700 C. The o u t g a s s i n g  p e r i o d  l a s t e d  f o r  s e v e r a l  h o u r s  and 
a f t e r w a r d s ,  w i th  th e  sy s tem  s t i l l  h o t ,  v a lv e  V6 was s h u t  and  th e  
i o n  pump s t a r t e d .  As soon  a s  p o s s i b l e  t h e  m a s s - s p e c t r o m e te r  f i l a m e n t  
was s w i tc h e d  o n .  The sy s te m  was l e f t  t o  c o o l  ( w i th  th e  sp ec im en  
s t i l l  h o t )  i n  t h i s  c o n d i t i o n  w h i le  h y d ro g e n  was t r i c k l e d  th ro u g h  
th e  m o d u la to r  l e a k  v a lv e  (V 3).
The sy s te m  was th e n  u s u a l l y  l e f t  o v e r n i g h t  t o  e q u i l i b r a t e  
and to  ’ c o n d i t io n *  th e  sp e c im e n .
A f t e r  s u c h  t r e a t m e n t  th e  u l t i m a t e  p r e s s u r e  i n  t h e  i n p u t
g
chamber was ~ 3  x 10”  t o r r  and t h a t  i n  th e  o u tp u t  '--5 x 10” ^ t o r r .
The h y d ro g e n  le a k a g e  r a t e  t o  t h e  i n p u t  cham ber was t h e n
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s t e p p e d  up and th e  d i f f u s i o n  pump s w i tc h e d  o f f  so  t h a t  th e  i n p u t  
sy s tem  was o n ly  b e in g  pumped by th e  r o t a r y  pump. The v a lv e  V6 
was t h e n  d i s c o n n e c te d  from th e  i n p u t  sy s te m  and th e  whole sys tem  
was l e a k - c h e c k e d .  The sp ec im en  was ch ecked  f o r  l e a k a g e  from th e  
i n p u t  d i r e c t i o n  by s u b s t i t u t i n g  He f o r  H^ i n  th e  b a l l a s t  t a n k  and 
r a i s i n g  t h e  i n p u t  chamber t o  1 a tm o sp h ere  o f  He. No i n c r e a s e  i n  
th e  He p a r t i a l  p r e s s u r e  i n  th e  o u tp u t  chamber was e v e r  s e e n  u n d e r  
t h i s  t e s t  t o  a  d e t e c t i o n  l i m i t  o f  10” ^^ t o r r .
The e x p e r im e n t  was th e n  r e a d y  to  r u n .
2 . 4  P r e s s u r e  C o n t r o l
The e le m e n ts  o f  t h e  p r e s s u r e  m o d u la t io n  sy s te m  were 
a s  f o l l o w s ;
The b a l l a s t  volume c o n t a i n i n g  th e  e x p e r im e n t a l  g a s  was s e p a r a t e d  
by a  Vacuum G e n e r a to r s  MD6 l e a k  v a lv e  from t h e  i n p u t  chamber which 
was c o n t i n u o u s l y  pumped (c h o k e d ,  i f  n e c e s s a r y ,  by v a l v e s  V1 and 
V2) by th e  r o t a r y  pump ( 2 1 ) .  The i n p u t  p r e s s u r e  a s  m easu red  by 
th e  P i r a n i  gauge was f e d  v i a  th e  gauge c o n t r o l  u n i t  a s  a  v o l t a g e  
t o  t h e  S o l a r t r o n  3510 I n t e g r a t e d  M easurem ent System  and th e  v a lu e  
o f  p r e s s u r e  was d e c ip h e r e d  from  t h i s  v o l t a g e  by th e  co m p u te r  w hich 
had p r e v i o u s l y  b een  p r o v id e d  w i th  th e  c a l i b r a t i o n  i n f o r m a t i o n .
S im u l ta n e o u s ly ,  t h e  com puter  had  g e n e r a t e d  a  r e f e r e n c e  
i n p u t  p r e s s u r e  wave from p a r a m e te r s  f e d  t o  i t  v i a  t h e  V.D.U. (4 )  
and a  D .L .O . f a c i l i t y  i n  th e  machine s e n t  a  p u l s e  t o  h o ld  one 
o f  th e  d a t a l i n e s  h ig h  f o r  a  t im e  p r o p o r t i o n a l  t o  t h e  d e v i a t i o n  
o f  th e  m easured  s i g n a l  from th e  r e f e r e n c e  s i g n a l .  ( T h is  c o n s t a n t  
o f  p r o p o r t i o n a l i t y  c o u ld  be a l t e r e d  q u i t e  e a s i l y  by c h a n g in g  one 
l i n e  o f  th e  c o n t r o l  p ro g ra m .)  One o f  th e  d a t a l i n e s  would  h o ld
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t h e  m otor on i n  a  d i r e c t i o n  w hich  c lo s e d  th e  v a lv e  V5 w h ile  th e  
o t h e r  opened  th e  v a l v e ,  th e  c h o ic e  b e in g  made by th e  com puter 
a c c o r d in g  to  w h e th e r  th e  e r r o r  s i g n a l  was p o s i t i v e  o r  n e g a t i v e .
The D .L .O . f a c i l i t y  r e q u i r e s  t h a t  o n ly  one d a t a l i n e  can  be h e ld  
h ig h  a t  any tim e  so  t h a t  a  t h i r d  ( n u l l )  l i n e  was employed which 
was s e n t  h ig h  t o  end  th e  *on tim e* o f  t h e  m otor a f t e r  th e  r e q u i r e d  
t im e .
The c o n t r o l  p rogram  was a l s o  em ployed to  dump p r e s s u r e ­
tim e  d a t a  o n to  th e  f lo p p y  d i s c .  T h is  a s p e c t  w i l l  be d e a l t  w i th  
l a t e r .
The r e s o l u t i o n  o f  t h e  com pu te r  i n t e r n a l  C lock  and th e
t im e  o f  e x e c u t i o n  o f  th e  s o l a r t r o n  r e a d i n g  s t a t e m e n t s  i n  th e  com puter
program  l i m i t e d  th e  minimum t im e  b e tw een  c o n t r o l  a c t i o n s  t o  a b o u t  -
two s e c o n d s .  I n  p r a c t i c e ,  t h i s  made c o n t r o l  o f  t h e  m o d u la t io n
d i f f i c u l t  f o r  a n g u l a r  f r e q u e n c i e s  g r e a t e r  t h a n  a b o u t  .1 5  r a d i a n s  
—1s e c  • H ig h e r  f r e q u e n c i e s  t h a n  t h i s  a r e  n o t  d e s i r a b l e  anyway
f o r  r e a s o n s  d e s c r i b e d  l a t e r .  The low f r e q u e n c y  l i m i t  was d e te r m in e d
o n ly  by  th e  e x p e r im e n te r ^  p a t i e n c e .
The r a n g e  o f  i n p u t  p r e s s u r e  mean v a lu e  was d e te r m in e d  
by a  m u l t i p l i c i t y  o f  f a c t o r s .  The maximum v a lu e  o f  p was 
a p p ro x im a te ly  1 t o r r .  At p r e s s u r e s  above t h i s  t h e  f i n e  c o n t r o l  
v a lv e  a p p e a re d  t o  l o s e  s e n s i t i v i t y  and  t h e  b a l l a s t  volume was 
v e r y  q u i c k l y  e m p t ie d .  A l t e r n a t i v e l y ,  i f  t h e  v a lv e s  VI and  V2 
were choked  b a c k  to o  f a r  th e  r e s p o n s e  o f  th e  sy s tem  became v e ry  
s l u g g i s h  and o n ly  s u i t a b l e  f o r  low f r e q u e n c i e s  w hich were p r e c i s e l y  
th o s e  which c o u ld  n o t  be u se d  b e c a u s e  o f  t h e  l i m i t a t i o n s  o f  th e  
b a l l a s t  t a n k  c a p a c i t y .
The low p r e s s u r e  l i m i t  was .01 t o r r  w h ic h ,  a s i d e  from 
b e in g  th e  p r e s s u r e  a t  w hich  th e  P i r a n i  Gauge c e a s e d  t o  f u n c t i o n
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w e l l ,  was a l s o  th e  p o i n t  a t  w hich  pumping had t o  be u n d e r ta k e n  
by th e  d i f f u s i o n  pump. I t  was fo u n d  t h a t  th e  pumping sp e e d  o f  
th e  d i f f u s i o n  pump was f a r  to o  r a p i d  and e r r a t i c  f o r  th e  c o n t r o l  
v a lv e  t o  cope even  w i th  s e v e r e  c h o k in g .
W ith in  th o s e  l i m i t s  p r e s s u r e  c o n t r o l  was au to m a ted  to  
a  h ig h  d e g r e e .  At lo w er  f r e q u e n c i e s  when th e  s y s te m  was e n t i r e l y  
o p e r a t e d  by th e  com pute r  i t  was p o s s i b l e  t o  f e e d  th e  c o n t r o l  program  
w i th  a  s e t  o f  W , p ,  and l e a v e  th e  s y s te m  t o  co m p le te  th e
e x p e r im e n t  p ro v id e d  t h a t  p was k e p t  low enough to  a v o id  ru n n in g  
o u t  o f  g a s .
2 .3  Specim en T em p era tu re  C o n t r o l
The sp ec im en  was h e a t e d  by means o f  a  th e rm o co ax  wound 
p y r o p h o r i t e  f u r n a c e  r a t e d  a t  a b o u t  500 W a t t .  The power s u p p ly  
to  t h i s  f u r n a c e  was f e d  th ro u g h  a  t e m p e r a t u r e  c o n t r o l l e r  and  th e  
s e t - p o i n t  t e m p e r a tu r e  was d i a l l e d  on t h i s  c o n t r o l l e r  and  m easured  
by means o f  a  P t / P t  13^  Ph th e rm o c o u p le  f o r  w hich th e  u n i t  was 
ro o m - te m p e ra tu re  c o m p en sa ted .  A se c o n d  C hrom el/A lum el th e rm o c o u p le  
w ire d  th ro u g h  a  0°C c o ld  j u n c t i o n  (DeI r i s t o r  I  c e l l )  and  th e n  
th ro u g h  th e  S o l a r t r o n  3510 was u s e d  f o r  a c t u a l  m easurem ent o f  
t h e  sp ec im en  t e m p e r a t u r e .  The S o l a r t r o n  3510 , a l t h o u g h  l a c k i n g  
a  d i s p l a y  c o u ld  be i n t e r r o g a t e d  a t  any  t im e  v i a  th e  co m p u te r  and 
V.D.Ü. and th e  t e m p e r a tu r e  d u r in g  a  r u n  was p e r i o d i c a l l y  check ed  
i n  t h i s  way.
The d i a l l e d  s e t  p o i n t  on t h e  c o n t r o l l e r  and  th e  m easured  
te m p e r a tu r e  n o rm a l ly  a g re e d  t o  l e s s  th a n  1 °  and v a r i a t i o n  i n  th e  
m easured  t e m p e r a t u r e  was s u b - d e g r e e .
S t a b i l i s a t i o n  o f  t h e  sp ec im en  t e m p e r a tu r e  a f t e r  a  change
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u s u a l l y  to o k  a b o u t  h r  p e r  ^ 0  , b u t  a  much l o n g e r  t im e  ( u s u a l l y  
o v e r n i g h t )  was ^ o rm a l ly  a l lo w e d  be tw een  r u n s  w hich in v o lv e d  a 
change i n  t e m p e r a t u r e .
The th e rm o c o u p le  p ro b e s  were p la c e d  a s  c l o s e  to  th e  
sp ec im en  a s  c o n d i t i o n s  would a l l o w .
Specim enTherm ocouple
Gold w ire  
s e a l s
F u rn ac e  o u t e r  
s h e l lF u rn ac e
w in d in g Copper k n i f e -  
edge s e a l i n g  
f l a n g e s
F ig u r e  2 .2  Specim en cham ber, f u r n a c e  and 
th e rm o c o u p le  p la c e m e n t
The m ost o b v io u s  p l a c e ,  i . e .  i n s i d e  th e  vacuum, a g a i n s t  t h e  sp ec im en  
s u r f a c e  was d i s c a r d e d  b ecau se  o f  t h e  d a n g e r  o f  dam aging th e  sp ec im en  
i f  th e  c o u p le  was s p o t -w e ld e d  to  i t  o r ,  o f  n o t ,  t h e  d a n g e r  o f  th e  
th e rm o c o u p le  n o t  making p r o p e r  t h e r m a l  c o n t a c t  w i th  t h e  sp ec im en  
s u r f a c e .  I t  was c o n s id e r e d  t h a t  g r a d i e n t s  b e tw een  th e  sp ec im en  
te m p e r a tu r e  o u t s i d e  th e  vacuum and t h a t  i n s i d e  t h e  vacuum would
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be much l e s s  t h a n  a  p o s s i b l e  g r a d i e n t  a c r o s s  low p r e s s u r e  gas  
which may a r i s e  i f  a n  a t t e m p t  were made t o  m easure  th e  sp ec im en  
te m p e r a tu r e  i n s i d e  th e  vacuum. F o r  t h i s  r e a s o n  th e  th e rm o co u p le  
p ro b e s  were p r e s s e d  i n t o  s p e c i a l l y  d r i l l e d  h o l e s  th ro u g h  th e  f a c e s  
o f  th e  f l a n g e s  w hich  g r ip p e d  th e  spec im en  so  t h a t  c o n t a c t  was 
made w i th  t h e  sp ec im en  m a t e r i a l  i t s e l f  ( F ig u r e  2 . 2 ) .
The maximum a t t a i n a b l e  t e m p e r a tu r e  was l i m i t e d  by th e  
n a t u r e  o f  th e  sp ec im e n  and o f  t h e  s e a l i n g  mechanism i n c l u d i n g  
th e  f l a n g e s .  The d a n g e r s  were a s  f o l l o w s :
1 .  M e l t in g  o f  g o ld  ( a t  ~1000^C)
2 .  S o f t e n i n g  o f  t h e  s t a i n l e s s  s t e e l  f a c e s  
(800  -  1400°C)
3* O x id a t io n  damage to  th e  s t a i n l e s s  s t e e l
4 .  M e l t in g  o f  th e  sp ec im en
5* D i f f e r e n t i a l  th e r m a l  e x p a n s io n  be tw een  
s t a i n l e s s  s t e e l ,  g o ld  and  th e  sp ec im en  
m a t e r i a l .
I n  p r a c t i c e  a  s a f e  compromise o f  750°C was a c c e p te d  f o r  th e  maximum 
o p e r a t i n g  t e m p e r a t u r e  b u t  sp ec im en s  were n o t  o f t e n  t a k e n  above 
650°C e x c e p t  f o r  o u t g a s s i n g .  A ls o ,  t o  m in im ise  th e  p o s s i b i l i t y  
o f  l o s s  o f  t h e  s e a l  due to  d i f f e r e n t i a l  th e r m a l  e x p a n s io n  sp ec im e n s  
were n o t  h e a t e d  o r  c o o le d  a t  a  r a t e  e x c e e d in g  2C^ p e r  m in u te .
T e m p e ra tu re  ch an g es  were c a r r i e d  o u t  i n  a  p ie c e w is e  
f a s h i o n  i n  t h a t  no s p e c i f i c  o r d e r  was f o l l o w e d  f o r  t h e  t e m p e r a t u r e s  
i n v e s t i g a t e d .  The o r d e r  o f  t e m p e r a t u r e s  was n e v e r  d e t e c t a b l e  from  
th e  r e s u l t s  i n d i c a t i n g  t h a t  sp ec im en  d e g r a d a t i o n  was n o t  a  p rob lem  
o v e r  th e  t im e s  t a k e n  t o  co n d u c t  t h e  e x p e r im e n t  on a  g iv e n  m a t e r i a l .
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2 . 6  M a t e r i a l s  and  P r e p a r a t i o n
T hree  d i f f e r e n t  sp ec im en  m a t e r i a l s  were i n v e s t i g a t e d .
These m a t e r i a l s  were Molybdenum a t  t h i c k n e s s e s  .23  and
.5  mm, N ic k e l  a t  .3  mm and M316  S t a i n l e s s  S t e e l  a t  .1 and . 23  mm.
A l l  m a t e r i a l s  were s u p p l i e d  by G oodfe llow  M e ta l s ,  L td  and t y p i c a l
a n a l y s e s  a r e  a s  f o l l o w s :
S t a i n l e s s  S t e e l  A1S1 ^ ' l 6 :  A n n ea led :
Cr 1 6 . 3 - 29# ;  Mn 2 % ;  Ni 8 -1 4 # ;  C 1200 ppm; Mo 2 . 3 - 3 . 3%, Fe b a l .
N ic k e l :  , H igh P u r i t y l  9 9 * 9 9 + % t  A n n ea led :
Ag Ippm, A1 Ippm, Ca Ippm, Cr Ippm, Cu 3ppm, Fe 13ppm,
Mg Ippm, Mn Ippm, S i  2ppm, Sn Ippm.
Molybdenum: 99*9#: A n n ea led :
A1 20ppm, Ca 20ppra, Cr 30ppm, Cu 20ppm, Fe 30ppm, K 2ppm,
Mg 20ppm, Pb 30ppm, S i  30ppm, T i 30ppm, W lOppm, C 40ppm,
H 3ppm, N lOppra, 0 30ppm.
T h ic k n e s s e s  were c h eck ed  w i th  a  m ic ro m e te r  s c rew  gauge 
and found  n o t  t o  v a r y  s i g n i f i c a n t l y  from th e  q u o te d  v a l u e s .  The 
spec im en  a r e a  v a r i e d  s l i g h t l y  w i th  th e  d ia m e te r  o f  th e  g o ld  s e a l  
and t h i s  was m easured  (by  m e a s u r in g  th e  diameter i n s i d e  t h e  s e a l )  
f o r  e ach  s p e c im e n .  The v a lu e  was a lw ay s  a ro u n d  10cm^.
A l l  m a t e r i a l s  were p o l i s h e d  to  a  m i r r o r  s u r f a c e  w i th  
0 . 3  m ic ro n  y  -  A lum ina on a  S e l v y t  c l o t h ,  washed th o r o u g h ly  i n  
d e t e r g e n t ,  u l t r a s o n i c a l l y  sh ak e n  i n  a c e to n e  and f i n a l l y  r i n s e d  
i n  h o t  d i s t i l l e d  w a te r  and blow n d r y .  The f l a n g e  s e a l i n g  f a c e s  
were r e - c u t  by l a t h e  a f t e r  e v e r y  sp ec im en  re m o v a l and th e  cham ber 
s c ru b b e d  on th e  o u t s i d e  t o  remove any s c a l e ,  and c le a n e d  on th e  
i n s i d e  i n  a  s i m i l a r  f a s h i o n  to  th e  sp ec im en  m a t e r i a l  ( w i th o u t
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th e  7 -A lu m in a  p o l i s h ) .
N e i t h e r  th e  sp ec im en  n o r  th e  i n s i d e  o f  th e  spec im en  
chamber was a g a i n  to u c h e d  e x c e p t  w i th  l i n t - f r e e  g lo v e s  o r  c l e a n  
t w e e z e r s .
The sp ec im en  was m ounted a s  q u i c k l y  a s  p o s s i b l e  a f t e r  
c l e a n i n g  w i th o u t  l o s s  o f  c a r e  i n  s e a l i n g  th e  sp ec im e n .  The chamber 
was th e n  b o l t e d  b e tw een  th e  i n p u t  and o u tp u t  cham bers on th e  
c o p p e r /k n i f e - e d g e  s e a l s  and  q u i c k l y  pumped o u t  w i th  th e  ro u g h in g  
s y s te m .  F a i l u r e s  i n  s e a l i n g  e i t h e r  o f  th e  sp ec im en  o r  o f  th e  
spec im en  chamber t o  m ain  sy s te m  s e a l s  were n o rm a l ly  d e t e c t e d  a t  
t h i s  s t a g e  and were a lw ays  d e t e c t e d  b e f o r e  o u t g a s s i n g  was u n d e r t a k e n .  
F a i l u r e s  r a r e l y  o c c u r r e d  i n  th e  sp ec im en  s e a l s  and were much more 
l i k e l y  i n  th e  sp ec im en  cham ber t o  main sy s te m  s e a l s .  The s u c c e s s  - 
r a t e  f o r  th e  whole o p e r a t i o n  was a b o u t  70%.
The t im e  from  f i n a l  w ash in g  o f  th e  sp ec im en  t o  10 t o r r  
vacuum i s  e s t i m a t e d  t o  be o f  t h e  o r d e r  o f  2 h r s .  The sp ec im en s  
were a l l  d e g a s s e d  and  t r e a t e d  w i th  h y d ro g e n  a s  d e s c r i b e d  i n  S e c t i o n
2 . 2  w ith  t h e  e x c e p t i o n  o f  molybdenum w hich  m e r i t s  some s p e c i a l  
t r e a t m e n t  by v i r t u e  o f  th e  p h y s i c a l  p r o p e r t i e s  and  therm odynam ic 
s t a b i l i t y  o f  i t s  o x id e .
A lth o u g h  th e  o x id e  o f  molybdenum i s  s t a b l e  t o  v e r y  low 
p a r t i a l  p r e s s u r e s  o f  oxygen i t  h a s  th e  u s e f u l  p r o p e r t y  o f  s u b l im in g  
a t  a ro u n d  700^0 ( 2 9 ) •  F o r  t h i s  r e a s o n  th e  molybdenum s p ec im en s  
were t a k e n  to  a b o u t  730°C d u r i n g  th e  o u t g a s s i n g  t r e a t m e n t .
A l l  sp ec im en s  were l e f t  f o r  a t  l e a s t  24 h o u rs  a t  t h e i r  
maximum te m p e r a tu r e  u n d e r  f lo w in g  (an d  p e rm e a t in g )  h y d ro g e n  b e f o r e  
any m easurem ents  were m ade.
R e se a rc h  g ra d e  h y d ro g en  was u se d  and  a l l  l i n e s  were 
t h o r o u g h ly  f l u s h e d  and baked  w here  p o s s i b l e .
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2 .7  Method o f  M easurem ent
The m easurem ent o f  t e m p e r a tu r e  h a s  a l r e a d y  been  d e a l t  
w i th  and t h i s  s e c t i o n  i s  c o n c e rn e d  w i th  th e  means by w hich th e  
s i x  p r e s s u r e  p a r a m e te r s  were m easu re d .
As i n d i c a t e d  e a r l i e r  th e  e x p e r im e n t a l  t e c h n iq u e  c o n s i s t e d  
o f  e x am in in g  th e  r e s p o n s e  o f  an  o u tp u t  wave
p '  + + ^ 2 )
to  a  c o n t r o l l e d  i n p u t  wave
p +
I n f o r m a t io n  g a th e r e d  in c l u d e d  th e  D.C. o r  s t e a d y - s t a t e  
l e v e l s  p* and p ,  th e  a m p l i tu d e  Pg and p^ and th e  p h a se s  0 ^ ,  
and 0 2 *
Two p a r a l l e l  methods were u sed  t o  o b t a i n  t h e s e  p i e c e s  
o f  i n f o r m a t i o n ,  e a c h  b e in g  s t r o n g e r  i n  a  g iv e n  f r e q u e n c y  r a n g e .
2 . 7 . 1  Computer a n a l y s i s  v i a  th e  S o l a r t r o n  5310
I n  t h e  p r o c e s s  o f  c o n t r o l l i n g  th e  i n p u t  p r e s s u r e  to  
th e  sp ec im en  cham ber th e  T r i t o n  M icro co m p u te r  g e n e r a t e d  a  r e f e r e n c e  
wave u s in g  i t s  own i n t e r n a l  c l o c k .
E v e ry  tim e  th e  com pu te r  r e q u i r e d  in f o r m a t i o n  t o  prom pt 
th e  m otor t o  make a c o n t r o l  a c t i o n  i t  r e a d  th e  t im e  a c c o r d in g  
t o  i t s  i n t e r n a l  c l o c k  and th e  i n p u t  p r e s s u r e  v i a  th e  S o l a r t r o n  
3 3 1 0 .  T h is  o p p o r t u n i t y  was a l s o  u se d  t o  r e a d  th e  o u t p u t  p r e s s u r e  
so  t h a t  a  co m p le te  s e t  o f  i n p u t  p r e s s u r e ,  o u t p u t  p r e s s u r e  and 
t im e  was dumped o n to  th e  f l o p p y  d i s c  a t  e v e r y  c o n t r o l  a c t i o n .
T h is  d a t a  c o u ld  t h e n  be r e c a l l e d  a t  any  t im e  f o r  a n a l y s i s .  The 
i n t e g r a t i o n  t im e  o f  th e  S o l a r t r o n  3510 was v a r i a b l e  i n  t h e  ra n g e  
1 -1000  ms b u t  100 ms was used  th r o u g h o u t  t h e  e x p e r im e n t .  I n
k k
t h e  ra n g e  o f  f r e q u e n c i e s  i n  which t h i s  method was u se d  f o r  t im e -
d e p en d e n t  m easu rem en ts  th e  100 ms r e p r e s e n t e d  a p h a s e - l a g  i n c r e a s e  
- 3o f  o n ly  1 X 10 r a d i a n s  a t  most and was n o t  an im p o r t a n t  s o u rc e  
o f  e r r o r .
The dumped d a t a  was r e c a l l e d  i n  th e  form  o f  i n p u t  p r e s s u r e  
and o u tp u t  p r e s s u r e  a s  a  f u n c t i o n  o f  t im e .  These  d a t a  were h a n d le d  
by s im u l ta n e o u s  F o u r i e r  A n a ly s i s  and s i g n a l  a v e r a g i n g .  T h is  p r o c e s s  
was c a r r i e d  o u t  i n  two e q u i v a l e n t ,  b u t  d i s t i n c t ,  ways:
( i )  Each p e r i o d  was a n a ly s e d  s e p a r a t e l y  f o r  i t s  D.C. 
l e v e l  and  th e  F o u r i e r  s i n e  and  c o s in e  c o e f f i c i e n t s  o f  th e  
fu n d a m e n ta l  w ave. T h i s  m ethod was a p p l i e d  t o  th e  o u tp u t  wave 
o n ly .
S in c e  th e  F o u r i e r  c o e f f i c i e n t s  were a v a i l a b l e  f o r  each  
p e r i o d  o f  th e  o u tp u t  wave, th e  c o n s i s t e n c y  from  p e r i o d  t o  p e r io d  
c o u ld  e a s i l y  be d e te r m in e d .  The F o u r i e r  c o e f f i c i e n t s  f o r  th e  
i n d i v i d u a l  p e r i o d s  were a v e r a g e d  and th e  s t a n d a r d  d e v i a t i o n s  
c a l c u l a t e d .  The D.C. l e v e l ,  p h ase  and a m p l i tu d e  o f  th e  o u tp u t  
wave was th e n  c a l c u l a t e d  from  th e  a v e r a g e  F o u r i e r  c o e f f i c i e n t s  
and th e  s t a n d a r d  d e v i a t i o n s  on t h e s e  q u a n t i t i e s  c a l c u l a t e d  from  
th e  s t a n d a r d  d e v i a t i o n s  on th e  F o u r i e r  c o e f f i c i e n t s  u s i n g  th e  
a p p r o p r i a t e  t r a n s f o r m a t i o n  e q u a t i o n s .  The s o u r c e  o f  t h e  d e v i a t i o n s  
i n  th e  o u tp u t  wave c o u ld ,  o f  c o u r s e ,  have  a r i s e n  from  d e v i a t i o n s
on th e  i n p u t  wave.
( i i )  The w a v e s  were s i g n a l  a v e r a g e d ,  e ac h  p r e s s u r e  r e a d i n g
b e in g  added  to  th e  c o r r e s p o n d in g  v a lu e  a t  a  t im e  Z 7 T / ( jj l a t e r .
The f i n a l  a v e ra g e d  wave was a n a ly s e d  f o r  th e  F o u r i e r  c o e f f i c i e n t s  
which were t h e n  d iv i d e d  by th e  number o f  p e r i o d s .  T h i s  p r o c e s s  
was a p p l i e d  to  b o th  i n p u t  and  o u tp u t  w aves .
The p h a se  l a g  was c a l c u l a t e d  a f t e r  th e  a v e r a g in g  p ro c e d u re  
had  b een  c o m p le te d  on th e  i n p u t  wave.
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The d e v i a t i o n  on th e  D.C. l e v e l  was g e n e r a l l y  l e s s  th a n  •
1% o f  i t s  v a lu e  and th o s e  on th e  p hase  and a m p l i tu d e  v a r i e d  w i th  
th e  f r e q u e n c y  o f  th e  wave. D e v ia t i o n s  i n  th e  a v e ra g e d  phase  and 
a m p l i tu d e  r a r e l y  ex ce e d ed  10% a t  th e  h i g h e r  f r e q u e n c y  end o f  th e  
sp ec tru m  w i th  d e v i a t i o n s  becom ing l e s s  a s  th e  f r e q u e n c y  was d e c r e a s e d ,  
T h is  method o f  m easurem ent was deemed q u e s t i o n a b l e  when e i t h e r  
o f  th e  F o u r i e r  c o e f f i c i e n t s  o f  th e  fu n d a m e n ta l  wave became d o u b t f u l  
i n  s i g n .
Under n o rm a l c o n d i t i o n s ,  a c c e p t a b l e  m easu rem en ts  c o u ld  
be made f o r  f r e q u e n c i e s  up t o  1 .2  x 10"^ r a d i a n s / s e c .  Above t h i s  
p o i n t ,  th e  number o f  m easurem en ts  which c o u ld  be made i n  a  c y c le  
was to o  low t o  g iv e  an  a c c e p t a b l e  d e v i a t i o n  a f t e r  a  r e a s o n a b l e  
number o f  c y c l e s .
T here  were two p o s s i b l e  r e a s o n s  f o r  l o s s  o f  s e n s i t i v i t y  
i n  th e  o u tp u t  p r e s s u r e  i n  t h i s  o p e r a t i n g  mode. The f i r s t  was when 
to o  few p o i n t s  were  t a k e n  i n  eac h  p e r i o d  t o  a l lo w  a c c u r a t e  F o u r i e r  
i n t e g r a t i o n  a s  d e s c r i b e d  i n  th e  p r e v io u s  p a r a g r a p h .  The seco n d  
was l o s s  o f  s i g n a l  i n  th e  o u tp u t  chamber b e c a u s e  p e r m e a t io n  was 
s low  and th e  o n ly  s o l u t i o n  i n  t h i s  c a s e  was t o  i n c r e a s e  t h e  i n p u t
p r e s s u r e  and i t s  m o d u la t io n .
•■2Below 1 . 2  X 10 r a d i a n s / s e c  th e  s e c o n d  p a r a l l e l  method
o f  m easurem ent was u s e d  b u t  t h i s  m ethod was a lw ay s  u s e d  t o  o b t a i n  
th e  D.Cri l e v e l s .
2 .7 * 2  S ig n a l  A v e rag in g  i n  th e  D a ta la b  DL4000
The D a ta la b  DL4oOO i s  a  d e v ic e  w hich p e r fo rm s  s i g n a l  
a v e r a g in g  i n  much th e  same way a s  t h e  a n a l y s i s  p rogram  d e s c r i b e d  
i n  th e  p r e v io u s  s e c t i o n .  I t  to o k  two i n p u t s  ( i n p u t  and  o u t p u t  
p r e s s u r e )  and d i v i d e d  each  i n t o  236 c h a n n e l s .  An i n t e r n a l  c l o c k
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was s e t  t o  s c a n  th e  c h a n n e ls  a t  th e  same f r e q u e n c y  a s  t h a t  which 
was f e d  to  th e  c o n t r o l  p ro g ram . The number o f  sweeps ( p e r i o d s )  
t o  be p e r fo rm e d  by th e  D a ta la b  was s e t  on th e  m achine and i t  added 
p r e s s u r e s  w hich were s e p a r a t e d  by a  t im e  = 2 tt/ uj .
The i n p u t s  were a m p l i f i e d  by up to  1000x to  g iv e  a  s i g n a l  
o f  a m p l i tu d e  a ro u n d  ± 1V to  make maximum u se  o f  th e  s e n s i t i v i t y  
o f  th e  m ach in e .  F o r  t h i s  r e a s o n ,  a  q u i t e  c o n s i d e r a b l e  o f f s e t  
was r e q u i r e d  on th e  a m p l i f i e r s  w hich  r e n d e r e d  th e  D.C. v a lu e  
d i f f i c u l t  t o  o b t a i n .
D a ta la b  o p e r a t i o n s  were i n  r e a l - t i m e  i n  t h a t  a v e r a g in g  
to o k  p l a c e  a s  th e  e x p e r im e n t  was r u n .  The a v e ra g e d  waves were 
d i s p l a y e d  on an  o s c i l l o s c o p e  d u r in g  th e  r u n  and p r o v id e d  a 
q u a l i t a t i v e  c h ec k  t h a t  an  a c c e p t a b l e  s i g n a l / n o i s e  r a t i o  was b e in g  
o b t a i n e d .
On c o m p le t io n  o f  a  r u n ,  th e  d a t a  p e r t a i n i n g  t o  an  a v e ra g e d  
wave were t r a n s f e r r e d  t o  d i s c .  They were th e n  a v a i l a b l e  f o r  F o u r i e r  
A n a ly s i s  by th e  c o m p u te r .  The i n p u t  and  o u tp u t  waves were t r e a t e d  
s e p a r a t e l y .  An a d d i t i o n a l  c h ec k  on th e  s t r e n g t h  o f  th e  fu n d a m e n ta l  
( i . e .  s i g n a l / n o i s e  r a t i o )  c o u ld  be made by ex am in in g  th e  a m p l i tu d e  
o f  t h e  f i r s t  ha rm o n ic  o f  e a c h  wave and t h i s  was a lw ay s  l e s s  
( u s u a l l y  c o n s i d e r a b l y  s o )  t h a n  10% o f  t h e  fu n d a m e n ta l .
The h ig h  f r e q u e n c y  l i m i t  o f  t h i s  t e c h n iq u e  was h i g h e r  
t h a n  th e  maximum a t t a i n a b l e  f r e q u e n c y  o f  th e  m o d u la to r .  Very 
low f r e q u e n c i e s  were n o t  u n d e r t a k e n  b e c a u se  o f  t h e  r e q u i r e m e n t  
t h a t  th e  m achine be s u p e r v i s e d  w h ereas  t h e  o t h e r  r o u t e  was 
c a p a b le  o f  p e r fo rm in g  a  s e t  o f  low f r e q u e n c i e s  w i th o u t  s u p e r v i s i o n .
The number o f  p e r i o d s  r e q u i r e d  f o r  a  ’ c lean *  a v e r a g e d  
s i g n a l  was a f u n c t i o n  o f  b o th  f r e q u e n c y  and  o f  th e  p e rm e a t io n  
r a t e  o f  h y d ro g en  th ro u g h  th e  m a t e r i a l  u n d e r  i n v e s t i g a t i o n .
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T y p i c a l l y  a b o u t  16 p e r io d s ,w e r e  u s e d  a t  th e  h ig h  f r e q u e n c y  end 
o f  e ac h  m ethod . T h i s  v a lu e  changed  l i t t l e  f o r  th e  D a ta la b  method 
b u t  a t  v e r y  low f r e q u e n c i e s  u s in g  th e  S o l a r t r o n  method re m a rk a b le  
r e p r o d u c i b i l i t y  c o u ld  be o b t a in e d  w i th  a s  few a s  t h r e e  c y c l e s .
2 .8  C a l i b r a t i o n
S in c e  th e  S o l a r t r o n  3510 IMS, a s  w e l l  a s  b e in g  a v o l t m e t e r ,  
h a s  a n a lo g u e  to  d i g i t a l  c o n v e r s io n  t h i s  makes i t  s u i t a b l e  f o r  
r e a d i n g  by c o m p u te r .  C a l i b r a t i o n  o f  a l l  q u a n t i t i e s  which were 
t o  be t r e a t e d  by th e  com pu te r  c o u ld  th e n  be f e d  t o  th e  com puter  
a s  a r r a y s  o f  d i g i t a l  i n f o r m a t i o n  ( e . g .  p r e s s u r e  — v o l t a g e  m a t r i c e s )  
p r o v id i n g  r e s u l t s  i n  p a r t i c u l a r l y  u s e f u l  ( d i g i t a l )  fo rm .
2 . 8 .1  P r e s s u r e  m easurem ent
The i n p u t  p r e s s u r e  P i r a n i  gauge was c a l i b r a t e d  f o r  h y d ro g en  
a g a i n s t  b o th  a  Bourdon and a  McLeod Gauge o v e r  th e  ra n g e  10*"  ^ —
10 t o r r  on a  s m a l l  vacuum r i g  s p e c i a l l y  d e s ig n e d  f o r  t h e  p u r p o s e .
The v o l t a g e s  r e c o r d e d  on th e  o u tp u t  from th e  P i r a n i  c o n t r o l  u n i t  
and th e  c o r r e s p o n d in g  p r e s s u r e  m easu rem en ts  were shown on d i s c  
a s  an  a r r a y  w hich c o u ld  be a c c e s s e d  by th e  p r e s s u r e  c o n t r o l  and 
F o u r i e r  A n a l y s i s / s i g n a l  a v e r a g in g  program m es, so  t h a t  c o n t r o l  
i n p u t s  a t  th e  V .D.U. and th e  r e s u l t s  o f  a n a l y s i s  c o u ld  be made 
i n  te rm s  o f  p r e s s u r e  ( r a t h e r  t h a n  v o l t a g e )  a v o id in g  th e  n e c e s s i t y  
f o r  m anual r e a d i n g  o f  c a l i b r a t i o n  c u r v e s .
The com pu te r  p e rfo rm ed  a  s im p le  l i n e a r  i n t e r p o l a t i o n  
be tw een  th e  c a l i b r a t i o n  d a t a  p o i n t s .  At p r e s s u r e s  be low  10**^ t o r r  
th e  P i r a n i  9 became r e l a t i v e l y  i n s e n s i t i v e  t o  p r e s s u r e  c h an g es  
and a t  p r e s s u r e s  above a b o u t  1 t o r r  th e  s l o p e  o f  v o l t a g e  v s .  
p r e s s u r e  became e x t r e m e ly  h ig h  and  th e s e  fo rm ed  an  a d d i t i o n a l
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b u t  a c c e p t a b l e ,  r e s t r i c t i o n  on th e  o p e r a t i n g  p r e s s u r e  r a n g e .
The mass s p e c t r o m e t e r  had a c h a r t  r e c o r d e r  o u tp u t  o f  
0 -  100 mV w hich  was l i n e a r  i n  p r e s s u r e ,  100 mV c o r re s p o n d in g  
to  th e  f u l l  s c a l e  d e f l e c t i o n  o f  th e  m e te r  r e a d i n g .  F u l l  s c a l e  
s e n s i t i v i t y  c o u ld  be d i a l l e d  i n  f a c t o r s  o f  ~ 3  o v e r  th e  ra n g e  
3 x 1 0 ^  t o r r  t o  3 x 10 t o r r .  C o n v e rs io n  o f  t h i s  v o l t a g e  to  
a  p r e s s u r e  by th e  com pu te r  was a  s im p le  m a t t e r  th e  o n ly  i n p u t  
r e q u i r e d  b e in g  th e  F .S .D .  o f  th e  s p e c t r o m e t e r .
I n  p r a c t i c e ,  p r e s s u r e s  above a b o u t  3 x 10*"^ t o r r  i n  
th e  o u tp u t  cham ber were i n a d v i s a b l e  b e c a u s e  t h e y  s e v e r e l y  r e s t r i c t e d  
f i l a m e n t  l i f e  and  o u t g a s s i n g  would t a k e  p l a c e  to  su ch  a l e v e l  
t h a t  th e  i o n  pump would be o v e r lo a d e d .
T h e re  a r e  a l s o  d i f f i c u l t i e s  o f  o p e r a t i o n  a t  v e ry  low 
p r e s s u r e s  (low  p e r m e a t io n  r a t e s ) .  As th e  e x p e r im e n t a l  p r e s s u r e  
a p p ro a c h e s  t h a t  o f  t h e  hyd ro g en  back g ro u n d  i n  th e  s y s te m ,  any 
f l u c t u a t i o n s  o f  th e  b ack g ro u n d  c o n t r i b u t e  s i g n i f i c a n t  n o i s e  t o  
th e  r e a d i n g s  o f  th e  D .C. h y d ro g e n  s i g n a l .  I n  a d d i t i o n ,  th e  n e t  
pumping r a t e  becomes s m a l l  so  t h a t  th e  p h a s e - l a g  due to  pumping 
( s e e  S e c t i o n  2 . 8 . 3 )  becomes l a r g e r .
2 . 8 . 2  T e m p e ra tu re  m easurem ent
T em p e ra tu re  c o n t r o l  and  m easurem ent were h a n d le d  by 
s e p a r a t e  th e rm o c o u p le s .
The m easurem ent c o u p le  was c a l i b r a t e d  a g a i n s t  an  N .P .L . 
C a l i b r a t e d  P t - P t  -  13% Rh c o u p le  i n  a  tu b e  f u r n a c e  whose te m p e r a tu r e  
was h e l d  c o n s t a n t  by th e  c o n t r o l  u n i t .  T h is  i n c i d e n t a l l y  p ro v id e d  
a  ch ec k  on th e  o p e r a t i o n  o f  th e  c o n t r o l  u n i t  and  th e  a c c u r a c y  
o f  i t s  s e t  p o i n t  w hich  were found  to  be a c c e p t a b l e  t o  1° .
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2 .8 ,3 »  F lu x  c a l i b r a t i o n
When a  vacuum sy s te m  i s  pumped, th e  u l t i m a t e l y  a t t a i n a b l e  
p r e s s u r e  i s  n e v e r  z e r o  b u t  i s  g iv e n  by a  b a la n c e  be tw een  th e  gas  
e n t e r i n g  th e  sy s te m  (by  o u t g a s s i n g ,  l e a k a g e ,  e t c . )  and th e  gas  
b e in g  e v a c u a te d  from  th e  sy s te m  by th e  pump. T hus , m easurem ent 
o f  p r e s s u r e  i n  a  pumped U.H.V. s y s te m  g iv e s  a  d i r e c t  i n d i c a t i o n  
o f  th e  f l u x  o f  g a s  e n t e r i n g  th e  s y s te m ,  p ro v id e d  t h a t  th e  e v a c u a to r y  
f l u x  i s  known. The s p e c i f i c a t i o n  o f  th e  P60 Io n  Pump i n d i c a t e s  
t h a t  th e  pumping s p e e d  i s  c o n s t a n t  o v e r  th e  ra n g e  10“ ^ to  
t o r r .  The pumping e q u a t i o n  i s :
d t = J* -  y9(p -  p^)
where J* i s  th e  m o d i f ie d  f l u x  i n t o  th e  s y s te m ,  p  i s  , th e  pump
c h a r a c t e r i s t i c  and  p^ i s  th e  p r e s s u r e  o b t a i n e d  i n  th e  o u t p u t  
chamber when J* = 0 .
The m o d i f ie d  f l u x  J '  m ust be e x p r e s s e d  a s  t o r r / s e c . ,
w hereas  f l u x e s  c a l c u l a t e d  from  th e  d i f f u s i o n  e q u a t i o n  a r e  n o r m a l ly
e x p r e s s e d  a s  J  = m oles  H ^ /cm ^sec .  Thus th e  r e l a t i o n s h i p  be tw een  
J  and J ’ i s : -
J* = J  ^
where A i s  sp ec im en  a r e a  i n  cm^
R i s  g a s  c o n s t a n t  a s  l i t e r  t o r r  mole"^ °K*“^
V i s  sy s te m  volume i n  l i t e r s  
T i s  am b ie n t  t e m p e r a t u r e , °K
To o b t a i n  v a l u e s  f o r  f l u x e s  th ro u g h  th e  s p ec im e n s  i t  
i s  n e c e s s a r y  t o  make a  m easurem ent o f  ^  ,
A l e a k  e x p e r im e n t ,  s i m i l a r  i n  n a t u r e  t o  th e  r e a l  e x p e r im e n t .
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was p e rfo rm ed  i n  o r d e r  to  make a  d i r e c t  m easurem ent o f  th e  
p a r a m e te r  ^  .
The sp ec im en  was r e p l a c e d  by an Edwards r e f e r e n c e  l e a k  
c a l i b r a t e d  f o r  d ry  a i r .
The mass f low  r a t e  th ro u g h  a  l e a k  i s  g iv e n  by (30)
Q =V^ -  P p  A
F o r  a  c o n s t a n t  a r e a  and  known l e a k  r a t e .
( "I ■ I ( ir\ _ I 1 n 4 4- ^Q = L ' 7 = ( P 4- - p l )  t o r r  l i t e r s e c/m ' ^ t  n -
The q u o te d  r a t e  f o r  th e  s t a n d a r d  l e a k  i s  i n  t o r r  l i t e r  s e c  ^
from 1 A tm osphere to  n e g l i g i b l e  p r e s s u r e  f o r  d ry  a i r
Qp = L ’ ' 760  t o r r  l i t e r  sec*""*
V a i r
S o  t h a t  th e  l e a k  r a t e  from  a  p r e s s u r e  t o  a  p r e s s u r e  p^ f o r
h y d ro g e n :
% - ^ a i r  , . -1
Q = T ^ J S ^  ^ P t"P p  to r r  sec
The pumping r a t e  i n  th e  o u tp u t  cham ber can  be r e p r e s e n t e d  b y :
[-%] = -  yS (p ^  -  P^) t o r r / s e c
P
and th e  l e a k  r a t e  i n  co m p arab le  u n i t s :
Qor  ^ ^ t l  Q '^R “‘a i r  /  . \ , ,
[~ ï ï t j  "  V " V.76"0ÿ^ (Pt - Pp to rr/sec
T hus , th e  n e t  change i n  p
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r ô p ' i  r s p ' - j  ^ i - j s r r
- X t  = h ^ J  4 - ^ 1  = 7 : 7 % :  ( P t  -  P p  -'«( P t  -  p p
= Ap^ -  (A +yS)p^ + j3P ^
" h e r e  A = vÎ tSq^
I f  th e  i n p u t  p r e s s u r e  i s  m o d u la ted  we can  w r i t e :
Pt = P + Ph®"'^
p |  = p '  +
S u b s t i t u t i n g  and e q u a t i n g  th e  tim e  d e p e n d e n t  and  non t im e -d e p e n d e n t  
p a r t s :
t a n   ^ ^
P*
A 4-^
A Pg
+ (A+^)^
^P +/8 PÙ
t t t j j
I n  p r a c t i c e ,  th e  r e f e r e n c e  l e a k  w hich  was made from  
compound m e ta l  pow der, was n o t  e n t i r e l y  f r e e  from  p h ase  e f f e c t s .
I t  was fo u n d  t h a t  a  b e t t e r  m easurem ent o f  jg r e s u l t e d  from  a  s im p le  
D.C. e x p e r im e n t  where th e  p r e s s u r e  was h e l d  a t  a  c o n t r o l l e d  l e v e l  
on th e  i n p u t  s i d e  and  th e  p r e s s u r e  on th e  o u t p u t  s i d e  was m e asu re d .  
T h is  D .C . e x p e r im e n t  was c a r r i e d  o u t  in* th e  r a n g e  0 - 2 0  t o r r  
o f  i n p u t  p r e s s u r e  b u t ,  b ecau se  o f  th e  s t e e p n e s s  o f  th e  c a l i b r a t i o n  
o f  th e  i n p u t  P i r a n i  gauge f o r  h y d ro g en  a t  p r e s s u r e s  above a b o u t  
10 t o r r  th e  s c a t t e r  o f  th e  s t r a i g h t  l i n e  o f  p  v s .  p* was u n a c c e p ta b le  
M easurem ents  i n  th e  ra n g e  o f  i n p u t  p r e s s u r e  from  0 -  10 t o r r  a r e
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shown i n  F ig u r e  2 . 3  a lo n g  w i th  th e  b e s t  f i t  r e g r e s s i o n  l i n e :
P* = 4 .8 8 6 8  X ,10*"^(6.9 x  p + 2 .2081  x 10~^( 3 .0 9  x 1 0 "^° )
= mp + c
The volume o f  t h e  o u tp u t  cham ber was m easured  by p r e s s u r e  d ro p p in g  
from a  known volume and a l s o  by c a l c u l a t i o n  from th e  d im en s io n s  
o f  th e  com ponents  and i t s  v a lu e  found  to  be 4 .3 5  1 ( ± . 0 6  1 ) .
The v a lu e  o f  A was found  u s i n g  th e  r e f e r e n c e  l e a k  r a t e  and th e  
o t h e r  p a r a m e te r s  i n  th e  d e f i n i n g  e q u a t i o n  and hence
ySV = ~  = 7*56 l i t e r s  sec***  ^ ( ± . 0 8 )
A lth o u g h  th e  f u l l  r a n g e  o f  i n p u t  p r e s s u r e  was i n v e s t i g a t e d  
w i th  t h i s  e x p e r im e n t ,  th e  l e a k  r a t e  was to o  s m a l l  t o  a l lo w  l a r g e  
o u tp u t  p r e s s u r e s  t o  be i n v e s t i g a t e d .  I n  o r d e r  to  e n s u r e  t h a t  ^  
d id  n o t  change a p p r e c i a b l y  w i th  o u tp u t  p r e s s u r e s  a  f u r t h e r  s e r i e s  
o f  e x p e r im e n t s  were c a r r i e d  o u t  w i th  th e  v a lv e  V6 d e l i b e r a t e l y  
p o o r ly  s e a l e d  i n  o r d e r  t h a t  a f a i r l y  l a r g e  le a k a g e  i n t o  th e  o u tp u t  
chamber c o u ld  be i n v e s t i g a t e d .  A lth o u g h  th e  v a lu e  o f  A was n o t  
known i n  t h i s  c a s e ,  th e  p* v s .  p c u rv e s  re m a in ed  l i n e a r  r i g h t  
up t o  o u tp u t  p r e s s u r e s  o f  3 x  10“^ t o r r  i n d i c a t i n g  t h a t  ^  d id  
n o t  change  a p p r e c i a b l y  o v e r  t h e  f u l l  e x p e r im e n t a l  r a n g e .
2 . 8 . 4  E quipm ent r e s p o n s e  t im e s
S in c e  th e  e x p e r im e n t a l  te c h n iq u e  r e l i e s  on th e  r e s p o n s e  
o f  th e  o u tp u t  p r e s s u r e  t o  m o d u la t io n  o f  th e  i n p u t  p r e s s u r e  i t  i s  
o f  im p o r ta n c e  t o  e n su re  t h a t  eq u ip m en t r e s p o n s e  t im e s  a r e  n o t  
so  s low  a s  t o  c a u se  s e r i o u s  m o d i f i c a t i o n s  o f  t h e  m easu red  a m p l i tu d e  
r a t i o s  and p h a s e - l a g s , I n  g e n e r a l ,  th e .m e a s u re m e n t  o f  à  s im p le  
harm onic  p r e s s u r e  wave w i l l  be a t t e n u a t e d  and  p h a s e - l a g g e d  w i th  
r e s p e c t  t o  th e  wave i t s e l f .
53
u
uo-p
00
IoT—
X
8
7
6
5
4
3
2
0
0 1 2 3 4 5 6 7 8 9  10 II
p ( t o r r )
F ig u r e  2*3 O u tpu t p r e s s u r e  a s  a  f u n c t i o n  o f  i n p u t  
p r e s s u r e  th ro u g h  t h e  c a l i b r a t e d  l e a k
54
A s im p le  e l e c t r i c a l  a n a lo g u e  can  be u sed  to  examine 
th e  e f f e c t  o f  equ ipm en t r e s p o n s e .  (Not r e a l l y  an  a n a lo g u e  s in c e  
t h e  o r i g i n  o f  t h e  e f f e c t  i s  p r o b a b ly  e l e c t r i c a l  anyw ay.)
The t r u e  p r e s s u r e  i s  s e e n  a s  p a s s in g  th ro u g h  an^R-C 
c i r c u i t  a s  shown and th e  m easu red  p r e s s u r e  i s  r e p r e s e n t e d  a s  th e  
v o l t a g e  a c r o s s  th e  c a p a c i t o r ;
From s im p le  a . c .  c i r c u i t  t h e o r y  
i t  can  be s e e n  t h a t
I \ A A / V ^
—t  1 —t  ,
%eaB = J  7  P t r u r P “
A su d d en  change i n  th e  t r u e  p r e s s u r e  t o  a  v a lu e  w i l l
cau se  a  r e s p o n s e  i n  th e  m easu red  p r e s s u r e  g iv e n  b y :
^meas ^ t r u e  ^  ^^meas "  ^ tru e^ ® ^ ^  t
where p® i s  th e  m easu red  v a lu e  a t  t  = 0 -^meas .
T h is  means t h a t  chan g es  which o c c u r  i n  t im e s  o f  t h e  o r d e r  r  
c a n n o t  be e f f e c t i v e l y  m easu red .
More s p e c i f i c a l l y  i f  t h e  t r u e  p r e s s u r e  i s  a  wave o f  t h e  fo rm :
o ' , i c u t
^ t r u e  * t r u e  ^  ^  t r u e  ®
o , _ i ( w t  + 5 )
meas ^meas ^  ^ meas
where p = p? a f t e r  a  t im e  »  t•^meas ■^true
and t a n  h s  ( j  t
p* =r p*.^meas t r u e
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The r e s p o n s e  t im e s ,  r  , f o r  th e  mass s p e c t r o m e te r  and •
th e  P i r a n i  gauge were m easured  by t h e i r  r e s p o n s e s  t o  an e l e c t r o n i c
s t e p  change s i m u l a t i n g  th e  p r e s s u r e .  The v a lu e  was a b o u t  .1 sec
f o r  th e  mass s p e c t r o m e t e r  and r a t h e r  l e s s  th a n  t h i s  f o r  th e  P i r a n i
g a u g e .  S in c e  t h e  ra n g e  o f  a n g u l a r  f r e q u e n c i e s  u sed  e x p e r im e n t a l l y
-1do n o t  ex ce e d  .1 s e c  i t  can  be s e e n  t h a t  t h i s  e f f e c t  i s  n e g l i g i b l e  
I t  s h o u ld ,  h ow ever , be n o te d  t h a t  t h i s  e f f e c t  p l a c e s  a s e v e r e  
r e s t r i c t i o n  on th e  p o s s i b i l i t y  o f  m e asu r in g  th e  pump c h a r a c t e r i s t i c ,  
p  , by m e a s u r in g  pumpdown r a t e s  i n  th e  o u tp u t  cham ber w i th  z e ro  
sp ec im en  f l u x .  I f  t h i s  i s  a t t e m p t e d ,  most o f  t h e  p r e s s u r e  change 
o c c u r s  i n  a  t im e  much l e s s  t h a n  1 s e c .  and th e  r e s p o n s e  t im e  o f  
th e  i n s t r u m e n t ,  i n  t h i s  c a s e  t h e  mass s p e c t r o m e t e r ,  i s  to o  slow 
t o  r e s o l v e  t h i s  c u rv e  w i th  any  d e g re e  o f  a c c u r a c y .
2 .9  Summary
I n  t h i s  c h a p t e r  an  e x p e r im e n t  h a s  b e e n  d e v i s e d  to  th e  
g e n e r a l  s p e c i f i c a t i o n  s u g g e s t e d  by th e  b r i e f  d e s c r i p t i o n  o f  th e  
m o d u la to ry  t e c h n i q u e .
W ith t h i s  a p p a r a tu s  i t  was p o s s i b l e  to  p ro d u ce  i n p u t  
p r e s s u r e s  m o d u la ted  a b o u t  D.C. l e v e l s  o f  10° t o  10"^  t o r r .
A n g u la r  f r e q u e n c y  was v a r i a b l e  i n  th e  r a n g e  .1 3  t o  10“ ^ r a d i a n s  
p e r  s e c o n d .  P h ase  l a g s  down t o  .1 r a d i a n s  were m e a s u ra b le  o v e r  
t h i s  f u l l  r a n g e  c o r r e s p o n d in g  t o  t im e  l a g s  a s  s m a l l  a s  . 3  s e c . ,  
a l th o u g h  n o rm a l ly  t h i s  was n o t  n e c e s s a r y .  D.C. l e v e l s  o f  down
g
t o  10 t o r r  c o u ld  e a s i l y  be m easu red  c o r r e s p o n d i n g  t o  f l u x e s  
o f  a ro u n d  4 x 10 m o l e s / s e c . V a r i a t i o n s  i n  th e  D.C. f l u x  d u r in g
an e x p e r im e n t  were l e s s  th a n  1$o.
C h a p te r  I I I  w i l l  go on t o  d e v e lo p  th e  s o l u t i o n  o f  th e
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d i f f u s i o n  e q u a t i o n  f o r  th e  o s c i l l a t o r y  boun d ary  c o n d i t i o n  a s  a 
p r e lu d e  t o  d i s c u s s i n g  th e  m ethods o f  i n t e r p r e t a t i o n  o f  th e  
e x p e r im e n t a l  r e s u l t s .
CHAPTER 3
GENERAL SCHEME . AND SOLUTIONS OF . THE 
SURFACE REACTION MODEL
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3 .1  R eq u irem en ts  o f  th e  Model
As m e n tio n ed  i n  C h a p te r  I ,  a  r e l a t i o n s h i p  i s  so u g h t  
b e tw een  th e  p r e s s u r e  m easured  i n  th e  o u tp u t  cham ber and th e  
c o n t r o l l e d ,  m o d u la ted  p r e s s u r e  i n  th e  i n p u t  cham ber.
T h is  r e l a t i o n s h i p  w i l l  be s p l i t  i n t o  t h r e e  p a r t s  l i n k i n g  
th e  s t e a d y —s t a t e  l e v e l s ,  t h e  a m p l i tu d e s  and  th e  p h a se s  o f  th e  
i n p u t  and  o u tp u t  p r e s s u r e s .
I n  t h i s  c h a p t e r  t h e s e  r e l a t i o n s h i p s  axe found  by s o l v i n g  
P i c k ' s  Laws f o r  d i f f u s i o n  i n  th e  s o l i d  ( i . e .  a ssu m in g  no ' i n t e r n a l *  
e f f e c t s  a s  d e s c r i b e d  i n  C h a p te r  I )  f o r  b o u n d a ry  c o n d i t i o n s  w hich 
depend on th e  model a d o p te d  f o r  t h e  s o l u t i o n  p r o c e s s .  Much o f  
th e  d i s c u s s i o n  i s  c o n c e rn e d  w i th  th e  e f f e c t  t h a t  f i n i t e  s o l u t i o n  
r a t e s  have on th e  s t e a d y - s t a t e ,  a m p l i tu d e  and  p h a se  r e l a t i o n s .
T h is  deve lopm en t i s  n o t  c o n c e rn e d  w i th  s o l u t i o n s  w hich 
a r e  due to  a  s u p e r p o s i t i o n  o f  th e  r a t e - o f - r i s e  t o  s t e a d y - s t a t e  
and o s c i l l a t o r y  e x p e r im e n t s ,  i . e .  t h e  s y s te m  i s  assum ed t o  have  
b een  i n  a  m o d u la to ry  s t a t e  f o r  lo n g  enough  t h a t  s u c h  t r a n s i e n t  
e f f e c t s  have d i e d  o u t .
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3 .2  D e f i n i t i o n s  and T erm in o lo g y
"5  ,
D
4
P t ® t " t  " x . t % % P t
m o le c u le s a tom s atoms atom s m o le c u le s
j 7 J  ^ J !t J t 1 X. t  , t » t
I n p u t I n p u t B ulk O u tp u t O u tp u t
Gas S u r fa c e S o l i d S u r f a c e Gas
x= d” x=c) x=!1 x=] +
X
F ig u r e  3*1 D e f i n i t i o n s  o f  th e  
u sed  i n  th e  model
v a r i o u s  q u a n t i t i e s
F ig u r e  3*1 shows t h e  t r a n s p o r t  p a r a m e te r s  and  
c o n c e n t r a t i o n  an d  f l u x  v a r i a b l e s  i n v o lv e d  i n  t h e  m o d e l.  The 
t r a n s p o r t  p a r a m e te r s  D, K * o p e r a t e  on th e  c o n c e n t r a t i o n
p a r a m e te r s  p ^ ,  6 ^» 0 *^» P*^ to  p ro d u ce  t h e  f l u x e s
a c c o r d in g  to  t h e  schem e:
= % lP t -  Kg © t
59
' x , t  =
J .  = k; c.  -  K. e;
= ^2 P t
where 0  i s  a  s u r f a c e  d e n s i t y  o f  atom s 
C i s  a  c o n c e n t r a t i o n
p i s  a  p r e s s u r e
J  i s  a  f l u x .
F lu x e s  i n  th e  p o s i t i v e  x - d i r e c t i o n  ( d e f i n e d  i n  F ig u r e  3*1)
a r e  p o s i t i v e .
Each o f  th e  f l u x e s ,  p r e s s u r e s ,  s u r f a c e  d e n s i t i e s  and 
c o n c e n t r a t i o n s  i s  s p l i t  i n t o  two com ponen ts : a  ha rm o n ic  p a r t
and  a s t e a d y - s t a t e  p a r t .  A l s o ,  e ac h  q u a n t i t y  h a s  a  c o r r e s p o n d in g  
i n p u t  and  o u t p u t  v a l u e .
The c o n v e n t io n  a p p l i e d  th ro u g h o u t  t h i s  w ork i s  t o  r e p r e s e n t  
t o t a l  (h a rm o n ic  p l u s  s t e a d y - s t ^ t e )  q u a n t i t i e s  by a  sym bol w i th  
th e  s u f f i x ,  t .  F o r  i n p u t  q u a n t i t i e s  th e  symbol w i l l  be d i s p l a y e d
o n ly  w i th  i t s  s u f f i x :  i t  w i l l  be  p r im ed  f o r  th e  o u t p u t  q u a n t i t y .
The r a t e  p a r a m e te r s  (K_,  K^) a r e  n o t  ha rm o n ic  and th e  nu m eric  
s u f f i x e s  c o r r e s p o n d  t o  t h e i r  f u n c t i o n s  a s  i n d i c a t e d  i n  F ig u r e  3*1* 
A g a in ,  a  p rim e i s  u s e d  to  d i s t i n g u i s h  t h e  o u tp u t  q u a n t i t y .  The 
s t e a d y - s t a t e  p a r t  o f  each  o f  t h e  m o d u la to ry  q u a n t i t i e s  i s  u n s u f f i x e d  
and th e  harm on ic  p a r t  h a s  t h e  s u f f i x ,  H.
Thus :
= p + ( I n p u t  chamber p r e s s u r e )
= C + Cge^^^^ + \^) ( I n p u t  s u r f a c e  c o n c e n t r a t i o n )
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;
i l
i®
:'7I
z: J* 4- - \ f / - 4 > )  c r o s s i n g  s u r f a c e  x = l )
Tt +  TI + ^ _ , +  i ( w t - \ ^ - < / ) - f )
t  “ * H (E m ergent f l u x  a t  x = 1
t _ ; , i ( w t  -  — ^ —
? t  = P ^ Ph (O u tp u t  chamber p r e s s u r e )
, As can  be s e e n  from  th e  ab o v e ,  th e  t o t a l  phase  l a g  be tw een  
t h e  i n p u t  and o u tp u t  p r e s s u r e s  can  be s e e n  a s  th e  sura o f  phase  
l a g s  b e tw een  eac h  o f  th e  above q u a n t i t i e s  and  th e s e  l a g s  o c c u r  
be tw een  th e  s u r f a c e s  x  a  0 , x  = 0 , x e  1 ,  x a  i t .  The f i n a l  
p hase  l a g  $ be tw een th e  em ergen t f l u x  and th e  o u tp u t  chamber
p r e s s u r e  p^ i s  t o  do w i th  th e  pumping te rm ,  0  , and w i l l  a l s o  
be d e a l t  w i th  i n  t h i s  c h a p t e r .
Of c o u r s e ,  a l l  th e  f l u x e s ,  p r e s s u r e s ,  s u r f a c e  d e n s i t i e s  
and c o n c e n t r a t i o n s  can  be r e p r e s e n t e d  i n  t h i s  form w ith  t h e i r  
a s s o c i a t e d  p hase  l a g s .  However, th e  q u a n t i t i e s  d i s p l a y e d  above 
a r e  th o s e  o f  th e  most s i g n i f i c a n c e  i n  th e  developm ent o f  th e  
s o l u t i o n s .
F u r t h e r  q u a n t i t i e s  o f  which u se  i s  made a r e  th e  S i e v e r t s
c o n s t a n t ,  K , th e  c o n c e n t r a t i o n  w i t h i n  th e  b u lk  o f  th e  s o l i d  sm
C . 35 C 4. C.. e^^^^  ^   ^ \  th e  sp ec im en  t h i c k n e s s ,  1 ,  th e
X ,  v  X Jtl ,  X
o u tp u t  chamber pump c h a r a c t e r i s t i c ,  /3 , th e  p e r m e a b i l i t y ,  P^ , 
and a  u s e f u l  q u a n t i t y  d e r iv e d  from th e  d i f f u s i o n  c o e f f i c i e n t ,  D, 
and th e  a n g u la r  f r e q u e n c y  o f  m o d u la t io n ,  w , c a l l e d  k where
k •
O th e r  p a ra m e te r s  o f  t r a n s i t o r y  u se  w i l l  be d e f in e d  a s
r e q u i r e d .
Complex q u a n t i t i e s  a r e  w r i t t e n  w i th  a  s u b a c c e n t  t h u s :  A
/ ’i V..
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3»3 S t e a d y - S t a t e  S o l u t i o n
The s i m p l e s t  a n a l y s i s  o f  th e  p roblem  s u g g e s te d  by th e  
b o u n d ary  e f f e c t s  o f  F ig u r e  3*1 i s  b a se d  on a  s o l u t i o n  where th e  
h arm on ic  p a r t s  a r e  z e ro  ( e . g .  p^ = p ) .
When th e  sy s tem  does n o t  change w i th  t im e  c o n t i n u i t y  
r e q u i r e s  t h a t ;
= Kj0 -K^C = K jjC '-K 'e '  = K^6 '^-KJjp -D (C '-C ) = J  ( 3 .1 )
(N ote  t h a t  i n  th e  s t e a d y - s t a t e  c a s e  J  i s  in d e p e n d e n t  o f  x , t  and 
does n o t  r e q u i r e  a  s u f f i x . )
I
ft;
Combining e q u a t io n s  ( 3 - 1 )  and r e a r r a n g i n g  g iv e s :
J  = T-DÎ
J  + K jP ' J  Kg
*  ~  '  K,. W K, ( 5 .2 )
A lso ;
( i )  J  = 0 ;  The sy s te m  i s  i n  therm odynam ic e q u i l i b r i u m ;  
i . e .  p* = p and 0* = C.
From ( 3 . 1 ) :
Hence;
( 3 . 3 )
( i i )  D i f f u s i o n - l i m i t e d  f lo w  
When th e  f l u x  th ro u g h  th e  spec im en  i s  t o t a l l y  
d i f f u s i o n - l i m i t e d  t h i s  means t h a t  a l l  th e  s u r f a c e  
f l u x e s  a r e  v e ry  r a p i d  compared to  th e  d i f f u s i o n
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f l u x  D (C -C « ) /1 .
The sy s te m  o f  s im u l ta n e o u s  e q u a t i o n s  ( 3 . 1 ) no 
lo n g e r  h o ld s  s i n c e  eac h  s u r f a c e  can  be c o n s id e r e d  
t o  be i n  therm odynam ic  e q u i l i b r i u m ,  i . e .  K^p-K^G 
e t c -  = 0 , and t h e r e f o r e ;
D (C -C ')  J  = — -----
K^C
e  = — e t c .
s
2
Hence ;
J  = DK
sm 1
i . e .  J  = 2% )
1 ( 3 .4 )
which i s  R ic h a rd s o n * s  c l a s s i c a l  p e r m e a t io n  e q u a t i o n .
E q u a t io n  ( 3 . 2 ) i d e n t i f i e s  two d i s t i n c t  ty p e s  o f  m o d i f i c a t i o n  w hich 
s u r f a c e  e f f e c t s  can  e x e r t  on t h e  s y s te m .  U sin g  e q u a t i o n  ( 3 . 3 ) ,  
( 3 . 2 ) can  be r e w r i t t e n ;
J ( 3 . 5 )
C om parison  o f  ( 3 . 3 ) w i th  ( 3 .4 )  shows t h a t  th e  s t e a d y -
s t a t e  f l u x  th ro u g h  th e  spec im en  can  be m o d i f ie d  by q u a n t i t i e s
o f  th e  ty p e  * I t  i s  im p o r t a n t  t o  r e c o g n i s e  t h a t
4
th e  f i r s t  o f  t h e s e  q u a n t i t i e s  i s  l i a b l e  t o  be more s i g n i f i c a n t  
when th e  sp ec im en  i s . t h i n  o r  when th e  d i f f u s i o n  c o e f f i c i e n t  i s  
l a r g e .  The s ec o n d  i s  d e p en d en t  on p r e s s u r e .  The p a r t i t i o n i n g
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o f  th e  s u r f a c e  e f f e c t  i n  te rm s  o f  t h e s e  two ty p e s  o f  c o n t r o l  w i l l  • 
a l s o  become a p p a r e n t  i n  th e  o s c i l l a t o r y  s o l u t i o n s .
3 .4  The G e n e ra l  O s c i l l a t o r y  S o l u t i o n
F o r  th e  p u rp o s e s  o f  t h i s  a n a l y s i s  th e  * c o n c e n t r a t io n *  
v a r i a b l e s  have been  s e p a r a t e d  i n t o  o s c i l l a t o r y  and s t e a d y - s t a t e  
p a r t s .  T h is  i s  l e g i t i m a t e  s i n c e  F ic k * s  seco n d  law  i s  a  l i n e a r  
d i f f e r e n t i a l  e q u a t i o n  so  t h a t  t h e  p rob lem  can  be s o lv e d  s e p a r a t e l y  
f o r  e ac h  o f  t h e  s t e a d y - s t a t e  and  o s c i l l a t o r y  p a r t s  o f  th e  i n p u t  
c o n c e n t r a t i o n  and  th e  s o l u t i o n s  added  t o g e t h e r .  The re m a in in g  
a n a l y s i s  i s  c o n c e rn e d  w i th  th e  o s c i l l a t o r y  p a r t  o f  t h i s  s o l u t i o n .
I t  can  be shown by s e p a r a t i o n  o f  v a r i a b l e s  on th e  t im e -  
d e p en d e n t  d i f f u s i o n  e q u a t i o n  i n  one d im e n s io n
E  = " 4  ( 3 . 6 )
dx
t h a t  th e  o s c i l l a t o r y  s o l u t i o n  ( f o r  th e  p r i n c i p a l  ha rm o n ic  o n ly )  
can  be g iv e n  by (A ppendix  A .2 ) :
Sh , =|^A * B ( 3 . 7 )
where a  = (1  + i ) k
The harm on ic  q u a n t i t i e s  i n  t h i s  d ev e lo p m en t a r e  a l l  
w r i t t e n  i n  com plex form (x  i y ) f o r  c o n v e n ie n c e  o f  m a n ip u la t io n
The r e a l  q u a n t i t y  a s s o c i a t e d  w i th  t h i s  form  h a s  an  a m p l i tu d e  
A = ^  ( x + i y )  ( x - i y )  and a  p h a se  = a r c t a n  (Z) .
 ^ X
E q u a t io n  (3*7) i s  v a l i d  w h a te v e r  th e  s u r f a c e  p r o c e s s  
s i n c e  i t  d e s c r i b e s  o n ly  movement o f  m a t t e r  w i t h i n  th e  b u lk  o f  
th e  s o l i d .  The e f f e c t  o f  s u r f a c e  p r o c e s s e s  can  be i s o l a t e d  from  
th e  p rob lem  and exam ined  by means o f  t h e  b o u n d a ry  v a l u e s  w hich
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w i l l  f i x  th e  a r b i t r a r y  c o n s t a n t s  A and B i n  e q u a t i o n  ( 3 . 7 ) .
The boun d ary  c o n d i t i o n s  can  be w r i t t e n  i n  a  q u i t e  g e n e r a l
. r ,
::
■ft;
f t f t :
-ft
'-ft
■ftt
I
form and made more s p e c i f i c  f o r  e ac h  a c t u a l  s u r f a c e  p r o c e s s  o r  
c o m b in a t io n  t h e r e o f .
The g e n e r a l  boundary  c o n d i t i o n  i s  t h e r e f o r e  a  n o n - s p e c i f i c  
p h a s e -a m p l i tu d e  r e l a t i o n s h i p  be tw een  and B e x p r e s s i b l e  a s :
A(x + i y )  = B (r  + i s )  (3*6)ftl ~ ' I
ft where x ,  y ,  r ,  s  a r e  r e a l  c o n s t a n t s  w hich  d e s c r i b e  th e
p h a s e /a m p l i tu d e  r e l a t i o n s h i p  be tw een  th e  complex c o n s t a n t s  A and 
ftftf B. I n  th e  l a t t e r  p a r t s  o f  t h i s  deve lopm ent one r a r e l y  s t a r t s  w i th
a knowledge o f  e i t h e r  o f  th e  s u r f a c e  c o n c e n t r a t i o n s .  I t  i s  t h e r e f o r e  
n e c e s s a r y  t h a t  th e y  be w r i t t e n  i n  some g e n e r a l  form so  t h a t  th e  
i n t e r f a c i a l  f l u x  e q u a t io n s  ( i . e .  th o s e  i n v o l v i n g  th e  K^ )^ can  be 
u sed  to  d e f in e  th e  v a lu e s  o f  x ,  y , r ,  s .  S e c t io n s  3*3 and 3 -6  
u se  s im p le  boundary  c o n d i t i o n s  and do n o t  make use  o f  t h i ^  f a c i l i t y .
3 .3  The C l a s s i c a l  O s c i l l a t o r y  S o l u t i o n
The s i m p l e s t  boundary  c o n d i t i o n  f o r  th e  s o l u t i o n  (3*7) 
i s  t h a t  which s u p p o se s  e q u i l i b r i u m  a t  th e  i n p u t  s u r f a c e  so  t h a t :
ft; C„ = — — —  (See A .1) and  ^  = 0
V ft 2 /p
where i s  th e  p h a s e - l a g  be tw een  th e  i n p u t  p r e s s u r e  and th e  i n p u t  
s u r f a c e  c o n c e n t r a t i o n .
The o t h e r  boundary  c o n d i t i o n  su p p o se s  t h a t  th e  o u tp u t  
s u r f a c e  c o n c e n t r a t i o n  i s  v e ry  s m a l l  ancl t h a t  th e  f l u x  l e a v i n g  t h i s  
s u r f a c e  i s  g iv e n  by P i c k ' s  F i r s t  Law a p p l i e d  to  th e  c o n c e n t r a t i o n
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g r a d i e n t  a t  t h e  p o i n t  x = 1 so  t h a t  = 0 and  f  = 0 .
A l s o ,
J -  = J - * = -D
A p p ly in g  th e s e  two c o n d i t i o n s  t o  ( 3 - 7 )  g iv e s
A = -B
and A =
2 V p
B a c k - s u b s t i t u t i n g  th e  v a l u e s  f o r  A and  B i n t o  
e q u a t i o n  ( 3 «7 ) and  d i f f e r e n t i a t i n g  w i th  r e s p e c t  t o  x ,  e v a l u a t i n g  
th e  r e s u l t  a t  x = 1  and w r i t i n g  th e  r e s u l t i n g  com plex q u a n t i t y  
i n  p h a s e /a m p l i tu d e  form g i v e s :
J -  =  J .  + = $ = 4 --------------------^  ( 3 .9 )
2 y j i p  y s i n h ^  k l  + s i n ^  k l
and
*  -  [  a :  g  ;  2  g ]  <3 - ' «
where th e  f a c t o r  i s  i n t r o d u c e d  f o r  l a t e r  c o n v e n ie n c e .
I t  i s  w o r th  n o t i n g  a t  t h i s  p o i n t  t h a t  t h e  c o n d i t i o n  
A = -B e n c o u n te r e d  i n  t h i s  t r e a t m e n t  demands t h a t  x -= - r  and
y s  - s  i n  th e  g e n e r a l  b o u n d a ry  c o n d i t i o n  ( 3 . 8 ) .
3 . 6  Pumping M o d i f i c a t i o n
When th e  o u tp u t  cham ber i s  pumped th e  o u tp u t  p r e s s u r e  
r e s p o n d s  i n  a  s p e c i f i c  way to  t h e  em erg en t  f l u x .  T h i s  m o d i f i c a t i o n  
i s  n o t  i n c l u d e d  a s  a  b o u n d a ry  c o n d i t i o n  s i n c e  i t  i s  in d e p e n d e n t  
o f  any e f f e c t s  due t o  th e  s p e c im e n .
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I n  th e  p re s e n c e  o f  pumping th e  r a t e  o f  change o f  p r e s s u r e  
i n  th e  o u tp u t  chamber can  be g iv e n  by
dp* ART
d f  = -  P ( P t  -
i . e .  t h e  em erg en t  f l u x  t e n d s  to  i n c r e a s e  th e  o u tp u t  p r e s s u r e  
w hereas  pumping te n d s  to  d e c r e a s e  i t ,  t h e  n e t  t im e  r a t e  o f  change 
o f  th e  o u tp u t  p r e s s u r e  b e in g  g iv e n  by th e  sum o f  t h e s e  two 
com ponen ts .
where
A = sp ec im en  a r e a
R = gas  c o n s t a n t
T^ ^  o u tp u t  chamber t e m p e r a tu r e
V = o u tp u t  chamber volume
13 =  pump c h a r a c t e r i s t i c  d e f in e d  i n  S e c t i o n  2 . 8 . 3
p^ = u l t i m a t e  p r e s s u r e  w hich  would be o b t a i n e d  i n
o u tp u t  chamber i f  J_* ^  were z e r o
S o lv in g  th e  above d i f f e r e n t i a l  e q u a t i o n  f o r  a  ha rm on ic  em erg en t
f l u x  o f  a r b i t r a r y  p h ase  and a m p l i tu d e  J * t o  p ro d u ce  a  ha rm on ic
n
o u tp u t  p r e s s u r e  g i v e s ;
PA ( 3 .1 1 )
f o r  th e  a m p l i tu d e  o f  th e  o u t p u t  p r e s s u r e  r e f e r r e d  to  th e  em erg en t  
f l u x  a m p l i tu d e ,  and
 ^ z= a r c t a n  ( 3 . 12 )
f o r  t h e  p h a s e - l a g  o f  th e  o u tp u t  p r e s s u r e  w i th  r e s p e c t  t o  t h e  em erg en t  
f l u x .
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Lftÿf 3 .7  S u r f a c e  M o d i f i c a t io n s
%
Vv7! H aving  c o n s id e r e d  th e  c l a s s i c a l  and pumping e f f e c t s
th e  m o d i f i c a t i o n s  t o  th e  c l a s s i c a l  e q u a t i o n s  ( 3 *9 ) and ( 3 . 10 ) 
which a r i s e  due t o  s u r f a c e  e f f e c t s  can  now be i n v e s t i g a t e d .
I t  i s  c o n v e n ie n t  f i r s t  t o  d iv id e  th e  sy s te m  up i n t o
% t h r e e  r e g i o n s .  T h is  d i v i s i o n  i s  s u g g e s te d  by F ig u r e  3 .1  and th e
e q u a t i o n s  fo l l o w in g  i t .  P r o c e s s e s  o c c u r r in g  a t  th e  i n p u t  s u r f a c e  
-' due t o  n o n - e q u i l i b r iu m  can  be r e p r e s e n t e d  by a  m o d i f i c a t i o n  o f
:
i
t h e  i n p u t  c o n c e n t r a t i o n  a m p l i tu d e ,  Cg, from i t s  e q u i l i b r i u m  v a lu e
TD * *sm H and by p h a s e - l a g  o f  th e  s u r f a c e  c o n c e n t r a t i o n  r e l a t i v e
2 / p
t o  th e  i n p u t  p r e s s u r e ,
P r o c e s s e s  o c c u r r in g  a t  th e  s u r f a c e  x = 1 due t o  n o n -z e ro  
v a lu e s  o f  C* a f f e c t i n g  th e  b u lk  c o n c e n t r a t i o n  g r a d i e n t s  and hence 
a f f e c t i n g  th e  d i f f u s i o n  f l u x  can  be r e p r e s e n t e d  by a  m o d i f i c a t i o n  
o f  th e  a m p l i tu d e  o f  th e  f l u x  c r o s s i n g  th e  p la n e  x = i ,  ( J ^ ) ,  by 
a  f a c t o r  B from th e  i n p u t  c o n c e n t r a t i o n  a m p l i tu d e .  A phase  l a g ,
<t> * -between th e  i n p u t  c o n c e n t r a t i o n  and th e  f l u x  i s  a l s o  r e q u i r e d .  
The q u a n t i t i e s  B, i n c lu d e  th e  * c l a s s i c a l *  c o n t r i b u t i o n s ,  e q u a t i o n s  
( 3 . 9 )  and ( 3 . 10 ) ,  f o r  th e  m o d i f i c a t i o n s  due to  d i f f u s i o n  i n  th e  s o l i d .  
The e f f e c t  o f  a f i n i t e  e v a p o r a t i o n  r a t e  from th e  s u r f a c e
X = 1 can  be r e p r e s e n t e d  by a  m o d i f i c a t i o n  t o  a c c o u n t  f o r  th e
f a c t  t h a t  i s  la g g e d  and a t t e n u a t e d  r e l a t i v e  t o  J * .  T h is
M, ■
m o d i f i c a t i o n  i s  a g a in  r e p r e s e n t e d  by an  a m p l i tu d e  f a c t o r ,  C, and 
a  p h a s e - l a g ,  f .
The f u l l  s o l u t i o n s  f o r  e ac h  o f  t h e s e  e f f e c t s  w i l l  be 
ft.'- d i s c u s s e d  s e p a r a t e l y .  I t  s h o u ld  be n o te d  t h a t ,  s i n c e  m o d u la t io n s
a r e ,  i n  g e n e r a l ,  s m a l l  r e l a t i v e  t o  th e  s t e a d y - s t a t e  l e v e l s  o f  th e  
q u a n t i t i e s  th e  s u r f a c e  r a t e s  have been  assumed to  f u n c t i o n s  
Only o f  th e  s t e a d y - s t a t e  l e v e l s  o f  th e  s u r f a c e  c o n c e n t r a t i o n s .
î
-i
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The d e t a i l e d  dependence o f  th e  s o l u t i o n s  e n  th e  e x p e r im e n ta l  
v a r i a b l e s  i s  t r e a t e d  i n  C h a p te r  4 .
ft-,:*
-
ft ft
3 . 8  B ulk  D i f f u s i o n  M o d i f i c a t i o n  (B , </> )
When th e  boundary  c o n d i t i o n s  a p p l i e d  i n  S e c t i o n  3 .5  
a r e  n o t  u sed  a  r a t h e r  d i f f e r e n t  answ er i s  o b t a in e d  f o r  th e  q u a n t i t i e s  
B and <t> i n  e q u a t i o n s  (3*9) and ( 3 . 1 0 ) .  These two q u a n t i t i e s  
r e p r e s e n t  th e  a t t e n u a t i o n  and p h a s e - l a g  o f  th e  f l u x  a c r o s s  th e  
s u r f a c e  x a  1 r e f e r r e d  to  th e  i n p u t  s u r f a c e  c o n c e n t r a t i o n .  I n  
c o n t r a s t  to  th e  * c l a s s i c a l *  s i t u a t i o n  o f  S e c t i o n  3 . 5 ,  th e  s u r f a c e  
c o n c e n t r a t i o n s  a r e  n o t  known and th e  boundary  c o n d i t i o n s  become 
a  s e t  o f  s im u l ta n e o u s  e q u a t i o n s .  C o n s id e r in g  o n ly  th e  o s c i l l a t o r y  
p a r t :
■ "(S ’" !
ÆA = 2K < e i e '  -  K-p^
■ft
Î È k
d t
1^
ft!
'ft:
%  ART +
-H
The f i r s t  terra i n  th e  seco n d  o f  t h e s e  e q u a t i o n s  i s  th e  o s c i l l a t o r y "
H
ft/ft
i
The ! above f o u r  e q u a t i o n s  can  bo combined to  e l i m i n a t e  p* and 
t o  g iv e  an  e x p r e s s io n  f o r  th e  c o n c e n t r a t i o n  o n ly  a t  x » 1 .
at ^2
W  ^ N i i t .  *
<dc
D H,x
d x
0
I
-V'
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U sing  e q u a t i o n  ( 3 .7 )  and i t s  d e r i v a t i v e  w i th  r e s p e c t  t o  x b o th  
e v a l u a t e d  a t  :: = 1 , i . e .
= (A, *  B) e icot
and
-
a (A  -  B) icot
and s u b s t i t u t i n g  t h e s e  i n t o  th e  c o n c e n t r a t i o n  e x p r e s s i o n  above 
y i e l d s  a  complex e x p r e s s i o n  f o r  A i n  te rm s  o f  B. I t  i s  a t  t h i s  
p o i n t  t h a t  th e  g e n e r a l  boun d ary  c o n d i t i o n  ( 3 . 8 ) becomes u s e f u l  
s i n c e  t h i s  e x p r e s s i o n  i s  o f  t h e  form (See  A ppendix  A .5 ) '
A(x + i y )  = B ( r  i s )
where x ,  y ,  r ,  s  a r e  power s e r i e s  i n  th e  s q u a r e  r o o t  o f  f r e q u e n c y  
o f  th e  form
w
n=o
and th e  x ^ ,  y ^ ,  s ^  a r e  g iv e n  i n  th e  t a b l e :
i
f t
n ^n y . %
0 0 - ^ 0 0
1 (^0K< * K' K. *1 *1 *1
2 0 0 - ? 2
3 ' - 3 =3 - =3
4 - H 0 0
5 . 1
V 2 ^ 5 ’'5
&
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and K» a  K» + 2K' # 'a 3 2
Now, u s in g  th e  e q u a t i o n s  ( d e r i v e d  from  th e  g e n e r a l  s o l u t i o n  (3 * 7 ) )  
a t  X = 0 and x = 1 r e s p e c t i v e l y :
Sh =
and
- D /  ~ H ,x \  (A _ ,  j .
a lo n g  w i th  th e  g e n e r a l  boun d ary  c o n d i t i o n  l i n k i n g  A and B, th e  
a t t e n u a t i o n  and  p h a s e - l a g  o f  t h e  f l u x  c r o s s i n g  th e  s u r f a c e  x = 1 
( J ^ )  r e f e r r e d  t o  th e  i n p u t  c o n c e n t r a t i o n ,  jC^, c an  now be e v a l u a t e d  
i n  te rm s  o f  th e  x ,  y , r , s :
=  CgB =Cjj i   Y z kDVt' ( 3 . 13)
■yôcosh 2k l  4. a s i n h  2 k l »  e cos  2k l  -  g s i n  2k l
, r  T(tan k l-ta n h  k l ) - ( q ^ - P ) »  ( a - g ) t a n  k l tanh k l
,^ = arctan  ["/ ( tan kl+tanh k l)  i ( a _ g ) *  (a+ ?)tan  k l  tank k l ( 3 .1 4 )
2 2 2 2 w here a. =  x *  y -  r  -  s
g = 2 ( y r  -  sx )
7 = (x  -  r ) ^  +  (y  -  s ) ^
e = 2 ( x r  -+ y s )
As m en tio n ed  i n  S e c t i o n  3*5» th e  c l a s s i c a l  b o u n d a ry  c o n d i t i o n s  
l e a d  to  v a l u e s  o f  th e  x ,  y ,  r ,  s  g iv e n  by x = - r ,  y = - s  so  
t h a t :
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a = 0
g = 0
7  = ( 2x )^  4- ( 2y )^
2 25 = 2x 4- 2y
2 2e = - 2x -  2y
A p p ly in g  t h e s e  v a lu e s  t o  e q u a t i o n s  ( 3 .1 3 )  and  ( 3 .1 4 )  
r e p r o d u c e s  th e  c l a s s i c a l  r e s u l t s  ( 3 - 9 )  and  (3 . 10 ) .  T hus , th e  
e x t e n t  o f  t h e  d e v i a t i o n  o f  th e  b u l k  p h a s e - l a g , > ,  and a m p l i tu d e  
a t t e n u a t i o n ,  B, can  be g iv e n  by th e  q u a n t i t i e s  (x  + r )  and 
(y  s )  w hich  a r e  b o th  z e r o  i n  t h e  c l a s s i c a l  c a s e .  A more 
p r a c t i c a b l e  r e d u c t i o n  t o  c l a s s i c a l  b e h a v io u r  can  a l s o  be o b t a in e d  
by t r u n c a t i n g  t h e  s e r i e s  f o r  x ,  y , r $ s  t o  n e g l e c t  te rm s  h i g h e r  
th a n  CO and  s u c h  t r u n c a t i o n s  w i l l  be d e a l t  w i th  a g a in  i n  S e c t i o n  
3 . 1 1 .
3 .9  I n p u t  S u r f a c e  M o d i f i c a t i o n  ( A , ^ )
H av ing  found  th e  a t t e n u a t i o n  and  p h a s e - l a g  b e tw een  th e  
I l n x  a c r o s s  th e  s u r f a c e  x  1 and  th e  i n p u t  s u r f a c e  c o n c e n t r a t i o n  
i t  i s  now n e c e s s a r y  t o  f i n d  a  s i m i l a r  r e l a t i o n s h i p  b e tw een  th e  
i n p u t  s u r f a c e  c o n c e n t r a t i o n  and th e  i n p u t  p r e s s u r e .  I n  c o n t r a s t  
t o  th e  c a s e  f o r  th e  b u lk  p h a s e - l a g  and  a t t e n u a t i o n ,  t h i s  m o d i f i c a t i o n  
i n t r o d u c e s  a  f u r t h e r  s e t  o f  p a r a m e te r s  w hich  a r e  l i n k e d  t o  th e  
i n p u t  r a t e - c o n s t a n t s , r a t h e r  t h a n  th e  o u tp u t  r a t e - c o n s t a n t s ,
K l , a s  was th e  c a s e  i n  S e c t i o n  3 * 8 . However, s i n c e  th e  d e f i n i n g  
e q u a t i o n s  a l s o  i n v o lv e  th e  g e n e r a l  s o l u t i o n ,  th e  x ,  y ,  r ,  s  a r e  
a g a in  i n v o lv e d  i n  t h i s  s o l u t i o n .
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P r o c e e d in g  a s  i n  S e c t i o n  ( 3 . 8 ) ,  a s e t  o f  s im u l ta n e o u s  
e q u a t i o n s  c o n t a i n i n g  th e  r e q u i r e d  o s c i l l a t o r y  q u a n t i t i e s  can  a g a in  
be w r i t t e n ,  t h i s  t im e  g o v e rn in g  th e  i n p u t  s u r f a c e :
These  e q u a t i o n s  c an  be com bined a s  b e f o r e  to  e l i m i n a t e  
Gg y i e l d i n g  a n  e q u a t i o n  f o r  p^ and o n ly  a t  x  -= o:
f s m  V 2 .  J .  1
2K^ p^  * (K^ p)^  ^  J \  ax ^ ,
^~H .x  D  ^ ~H. x 1  _ ^sm 2 a
Kl, ax at J2(K  K p)2 at H  J 2 - J
I C- X =  O ’
Where th e  l e f t  hand s i d e  r e p r e s e n t s  th e  e q u i l i b r i u m  v a lu e  
o f  C a s  e v a l u a t ed i n S e c t i o n  A'.1 and u s e  h a s  been  made o f  t h e
r r r -  K 
'4
U sin g  th e  g e n e r a l  s o l u t i o n  ( 3 . 7 ) a t  x =  o :
i d e n t i t y
and
x =  o
and th e  r e q u i r e d  t im e  d e r i v a t i v e s  o f  t h e s e .
A ls o ,  a s s i g n i n g  z e r o  r e l a t i v e  p h ase  t o  th e  i n p u t  p r e s s u r e
i c o t
&  =  %  ®
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and s u b s t i t u t i n g  th e s e  i n t o  th e  e x p r e s s i o n  f o r  ^  and Cg a n o th e r  
com plex e q u a t i o n  i s  o b t a in e d  f o r  A and B i n  te rm s  o f  gg o f  th e
form :
—^  = A e"’'^ ( r a  -f. i n )  ^  B e '^ C u  -a- i v )
where ra, n ,  u ,  v a r e  power s e r i e s  i n  w o f  th e  fo rm :
m z= y   ^ m w 
n = o
n/ 2
and th e  m^, n ^ ,  u ^ ,  a r e  g iv e n  by th e  t a b l e :
n m n U Vn n n n
0 e_ 0 e 0o o
1 —e^ - e .1 1 1 1
2 0 e_ 02 2
3
.
-®3 -®3 *3
Kand e =  2o
e_ -=
@2 = 1
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However, i t  h a s  a l r e a d y  been  e s t a b l i s h e d  t h a t
A(x ■+ i y )  B (r  ^  i s )
and  th e  x ,  y , r , s  have  been  e v a l u a t e d .
T h u s ,  s o l u t i o n  o f  th e  two s im u l ta n e o u s  e q u a t i o n s
^sra% e"'^^(ra + i n ) e ~ ^ (u +  i v ) A
2 y j v
0 (x  + i y ) ( r  *  i s ) B
—  —
g i v e s  th e  v a l u e s  o f  A and ^  and  hence  th e  p h a s e /a m p l i tu d e  
r e l a t i o n s h i p  be tw een  th e  i n p u t  p r e s s u r e  and th e  i n p u t  
c o n c e n t r a t i o n :
Cg=PA = ^sm % [5 co sh  2 k l  + a s i n h  2kl-»  e co s  2 k l  -  g s i n  2 k l
* n2) »  (u 2 ^  v^) ]  s in h  2 k l
+ (urn + vn) 4- g (un-vm) j  cos  2 k l  
+ e (un-vm )- g (urn4. vn) J s i n  2 k l
( 3 . 1 5 )
and
= a r c t a n
|(a  4.6)v-#- ( ô - a ) n  
4- (u -m )-B (n + v
cosh  2k l 4- |^(a+5)v - ( 5 - a ) n j  s i n h  2k l  
] s i n  2 k l » r €  (v + n ) 4- g (u -m ) ] c o s  2k l
[u + ô)u 4- (ô -a )m ]co sh  2kl4* [ ( a + ô ) u - f ô - a ) m  ] s i n h  2 k l  
|^ € (n -v )-g (u -§ m )J sin  2kl4-^ e (u -nn )-g (v -n) J c o s  2 k l
where a , g , 6 , e a r e  a s  b e f o r e .
( 3 . 16 )
P = ^sm %
and A i s  an  a m p l i tu d e  m o d i f i c a t i o n  f a c t o r  s i m i l a r  t o  B i n  S e c t i o n  
3*8  t h i s  t im e  o p e r a t i n g  on th e  e q u i l i b r i u m  s u r f a c e  c o n c e n t r a t i o n
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a m p l i tu d e  t o  p ro d u ce  th e  non—e q u i l i b r i u m  s u r f a c e  c o n c e n t r a t i o n  
a m p l i tu d e ,  i . e .  when th e  i n p u t  s u r f a c e  i s  a t  e q u i l i b r i u m ,  th e  
f a c t o r  A becomes u n i t y ;
3 .1 0  O u tp u t S u r f a c e  M o d i f i c a t i o n  (C, f )
I t  now o n ly  r e m a in s  t o  f i n d  th e  p h a s e /a m p l i tu d e  r e l a t i o n s h i p
be tw een  th e  f l u x  a c r o s s  th e  s u r f a c e  x = 1 , i . e .  and  th e  em ergen t
f l u x  a c r o s s  t h e  s u r f a c e  x = 1
A gain  w r i t i n g  f l u x  e q u a t i o n s  a t  x = 1 :
ô t
2K^  ^  e<
= J,' -  J '
-  S  £ h
%
ô t V %
Combining th e s e  and  e l i m i n a t i n g  0^  y i e l d s  a  d i r e c t  r e l a t i o n s h i p
be tw een  J* and  J ' :
which can  be s o lv e d  t o  y i e l d  th e  d e s i r e d  p h ase  and  a m p l i tu d e  
e x p r e s s i o n s ;
= JIG = J*H H H 272(2K^ 0  * -  CO ) 4- CO ( ^ 4r K* 4- 2K^ 0*
and
r  = a r c t a n
(« ^  +  (3 ^ ) 2K^ 0 '  co^K^ ^
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F o r  smallc»//? t h e s e  e q u a t i o n s  can  be s i m p l i f i e d  to :
= J^C  _ ( 3 .1 7 )
and
( â f ë . )r  = a r c t a n  ( ( 3 . 18 )
and t h e s e  r e p r e s e n t  th e  f i n a l  c o r r e c t i o n  te rm s  t o  be a p p l i e d  to  
a c c o u n t  f o r  f i n i t e  p h a s e -b o u n d a ry  p r o c e s s e s  a t  t h e  x ;= 1 —>-1^ 
l a y e r .  I t  c an  be s e e n  t h a t  when t h e s e  p r o c e s s e s  a r e  r a p i d  ( i . e .  
l a r g e  K^) t h a t  ^ » 0 and C —♦ 1 ,  i . e .  and  th e  o u tp u t
s u r f a c e  m o d i f i c a t i o n  d i s a p p e a r s .
3 .11  Low O rder A p p ro x im a tio n s
I t  i s  p l a i n l y  o f  i m p o r t a n c e ,  i n  th e  i n t e r e s t s  o f  s i m p l i c i t y  
and c l a r i t y ,  t o  c o n s i d e r  a p p r o x im a t io n s  w hich  may be a p p l i e d  t o  
th e  v a r i o u s  m o d i f i c a t i o n s .  T h is  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  
th e  i n p u t  and  b u l k  m o d i f i c a t i o n s  i n  o r d e r  t h a t  t h e  p r a c t i c a l  
s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  c a n  be s e e n .  I t  i s  n e c e s s a r y  t o  
e n s u r e  t h a t  th e  s i m p l i f i c a t i o n s  a r e  n o t  so  s e v e r e  a s  t o  im p a i r  
t h e  a p p l i c a b i l i t y  o f  t h e s e  r e s u l t s ,  and  i n  p a r t i c u l a r  t o  e n s u r e  
t h a t  s e n s i b l e  l i m i t i n g  c a s e s  c a n  be o b t a i n e d .
From th e  form o f  t h e  r e s u l t s  i n  S e c t i o n s  3 .8  and  3.9. 
th e  most o b v io u s  method o f  r e d u c t i o n  i s  t o  t r u n c a t e  t h e  s e r i e s  
f o r  th e  (m, n ,  u ,  v ) ,  x ,  y ,  r ,  s  a t  an  a p p r o p r i a t e  power o f  w 
T r u n c a t io n  a t  w °  i s  e v i d e n t l y  to o  s e v e r e  s i n c e  t h i s  m e re ly  l e a d s  
t o  th e  c l a s s i c a l  a p p r o x im a t io n .
The o r d e r  o f  a l lo w a b le  a p p r o x im a t io n  c a n  be gauged  by 
th e  e x p r e s s i o n s  f o r  th e  f i n a l  a m p l i tu d e  an d  p h ase  due to  pumping
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e q u a t i o n s  ( 3 .1 1 )  and  ( 3 .1 2 )  where n e g l e c t  o f  te rm s  low er th a n
th e  f i r s t  power o f  w would im p ly  t h a t  t h i s  c o r r e c t i o n  s h o u ld
4be n e g l e c t e d .  Thus th e  sec o n d  power o f  w  ^ h a s  b een  ch o sen  a s  
a  compromise b e tw een  s i m p l i c i t y  and a p p l i c a b i l i t y .
A f u r t h e r  a p p r o x im a t io n ,  o r  r a t h e r  r e s t r i c t i o n ,  w hich 
must be a p p l i e d  t o  th e  model t o  r e t a i n  a  s e n s i b l e  l e v e l  o f  s i m p l i c i t y  
i s  t o  c o n s i d e r  t h a t  o n ly  one s u r f a c e  o f  t h e  sp ec im e n  w i l l  be r a t e -  
d e te r m in in g  a t  any  t im e .
T h is  means t h a t  t h e  e x p r e s s i o n s  f o r  xj/ and  can  be 
f u r t h e r  s i m p l i f i e d  by n e g l e c t i n g  te rm s  c o n t a i n i n g  th e  o u tp u t  
p a r a m e te r s  x ,  y ,  r ,  s .
A f i n a l  ch ec k  on th e  a p p l i c a b i l i t y  o f  t h e s e  a p p ro x im a t io n s  
can  t h e n  be made by e n s u r i n g  t h a t  a l l  t h e  e x p r e s s i o n s  can  be 
r e d u c e d  t o  th e  c l a s s i c a l  l i m i t  by s u i t a b l e  c h o ic e  o f  t h e  r a t e  
p a r a m e te r s  and  t h i s  w i l l  be done i n  th e  n e x t  c h a p t e r .
A p p ly in g  th e  above r e s t r i c t i o n s  t o  e q u a t i o n s  ( 3 .1 3 )  
and ( 3 . 14 ) g i v e s :
(f) z= a r c t a n
2x i
t a n  k l  -  t a n h  k l  4 —  w t a n  k l  t a n h  k l
 ^  _____J
t a n  k l  4. t a n h  k l  4- —  “
Xo
( 5 . 1 9 )
2kD
2 x  i
( c o s h  2kX -  cos  2 k l )  + -----  “  ( s i n h  2 k l  *  s i n  2 k l )
o
(3 . 2 0 )
w ( c o s h  2 k l  + cos  2 k l )
and t o  e q u a t i o n s  ( 3 . 1 5 )  and ( 3 . 1 6 )
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^  =r a r c t a n
2x 4
( e g t —— e^)o i(co sh  2 k l - o o s  2 k l ) + e .w  ( s i n h  2 k l - s i n  2 k l )  
o
2x 1
( c o s h  2 k l - c o s  2 k l ) + ( e . + —  e ) w ^C sinh  2 k l+ s in  2 k l )  I I X  oo
+ 2ê) wCcosh 2 k l+ c o s  2 k l )
( 3.21
i \  i( c o s h  2 k l - c o s  2 k l )+  —  u  ( s i n h  2 k l + s i n  2 k l )
^o
2x,
+ —  w ( c o sh  2 k l+ c o s  2 k l )
*0 ( 3 . 2 ;
2 2 4Le ( c o s h  2 k l - c o s  2 k l ) + 2 ( e  e .+ — e ) w ( s i n h  2 k l + s i n  2 k l )  o 0 1 x 0
+2 co sh  2 k l+ c o s  2 k l )
A lth o u g h  th e s e  e q u a t i o n s  do n o t  lo o k  a  g r e a t  d e a l  s i m p l e r ,  th e y  
c o n t a i n  l e s s  a d j u s t a b l e  p a r a m e te r s  th a n  th e  f u l l e r  f o r m s .  I n  
a d d i t i o n  ( 3 .2 1 )  and  ( 3 .2 2 )  can  be f u r t h e r  s i m p l i f i e d  by rem oving
th e  te rm s  c o n t a i n i n g
X
f o r  s i n g l e  ( i n p u t )  s u r f a c e  c o n t r o l .
F u r t h e r  a p p r o x im a t io n s  w i l l  be d e a l t  w i th  i n  C h a p te r  4 .
3 . 1 2  Summary
T h is  c h a p t e r  h a s  d e a l t  w i th  th e  g e n e r a l  s o l u t i o n  o f  th e  
d i f f u s i o n  e q u a t i o n  f o r  a  m o d u la te d  i n p u t  p r e s s u r e  l e a d i n g  to  
m o d u la t in g  c o n c e n t r a t i o n s  i n  th e  s o l i d .  The g e n e r a l  s o l u t i o n  h a s  
b een  made p a r t i c u l a r  f i r s t  f o r  ’ c l a s s i c a l ’ b o u n d a ry  c o n d i t i o n s  
c o r r e s p o n d in g  t o  th e  s t e a d y - s t a t e  R ic h a rd s o n  e q u a t i o n  and  th e n  
f o r  more c o m p l ic a te d  boundary  c o n d i t i o n s  w hich  a l lo w  f o r  f i n i t e  
s u r f a c e  r a t e  p r o c e s s e s .
I n  t h i s  l a t t e r  c a s e  i t  was fo u n d  u s e f u l  t o  s p l i t  t h e
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prob lem  i n t o  s e v e r a l  p a r t s  so  t h a t  f i r s t  th e  s t e a d y - s t a t e  s o l u t i o n  
c o u ld  be d e a l t  w i th  and th e  p h a s e /a m p l i tu d e  e x p r e s s i o n s  c o u ld  
be d e v e lo p e d  b e tw een  key q u a n t i t i e s  i n  th e  sy s te m  ( i n p u t  p r e s s u r e , 
i n p u t  c o n c e n t r a t i o n ,  f l u x  a c r o s s  s u r f a c e  x  = 1 , f l u x  a c r o s s  
s u r f a c e  % = 1^ ,  o u tp u t  p r e s s u r e ) .
I n  p a r t i c u l a r  th e  o u t p u t  p r e s s u r e  can  be o b t a in e d  from  
th e  i n p u t  p r e s s u r e  v i a  t h e s e  q u a n t i t i e s  by a c h a in  o f  p h a s e /a m p l i tu d e  
r e l a t i o n s  o f  t h e  form
X I = A Y
and
The c h a in  commences w i th  th e  i n p u t  p r e s s u r e ,  Pg o f  known 
a m p l i tu d e  and  z e r o  r e l a t i v e  p h a se  and  p ro c e e d s  th ro u g h  th e  i n p u t  
s u r f a c e  c o n c e n t r a t i o n  Cg t o  th e  f l u x  a c r o s s  th e  b u l k - s u b s u r f a c e  
i n t e r f a c e  (x  = 1 ) ,  t o  th e  e m erg en t  f l u x  a c r o s s  th e  s u b s u r f a c e  -  
g a s  i n t e r f a c e  (x  = 1^ ) ,  and  f i n a l l y  t o  t h e  o u tp u t  p r e s s u r e
D i s c u s s i o n  o f  th e  s o l u t i o n s  h a s  been  m in im a l .  C h a p te r  4 
goes  on t o  c o n s i d e r  t h e  form o f  t h e s e  s o l u t i o n s ,  how t h e y  a r e  
a f f e c t e d  by th e  v a r i o u s  r a t e  p a r a m e te r s  and  what i n f o r m a t i o n  t h e y  
may y i e l d  i n  an  e x p e r im e n t  s u c h  a s  t h a t  d e s c r i b e d  i n  C h a p te r  2 .
CHAPTER 4
APPLICATION OF THE SURFACE MODEL 
TO THE EXPERIMENT
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4 .1  I n t e r p r e t a t i o n  o f  th e  S u r f a c e  R e a c t io n  Model i n  te rm s  o f  
th e  M easured  Q u a n t i t i e s
The a l g e b r a i c  s o l u t i o n s  o f  th e  d i f f u s i o n  e q u a t i o n  f o r  
b o u n d ary  c o n d i t i o n s  which a l lo w  th e  p o s s i b i l i t y  o f  f i n i t e  r a t e  
p r o c e s s e s  a t  t h e  s u r f a c e s  o f  t h e  sp ec im en  a r e  s e t  o u t  i n  C h a p te r  3 
and i t  was s e e n  t h e r e  t h a t  th e  p hase  l a g  can  be w r i t t e n  a s  a  s e r i e s  
o f  te rm s  r e p r e s e n t i n g  p o s s i b l e  r a t e - l i m i t i n g  p r o c e s s e s :
( 4 .1 )
T h ro u g h o u t th e  a n a l y s i s ,  th e  pumping p h a s e - l a g  
t a n  ^ w i l l  be u n d e r s to o d  t o  be a u t o m a t i c a l l y  s u b t r a c t e d  from 
a l l  m easu rem en ts  and i s  t h e r e f o r e  n o t  c o n s id e r e d  f u r t h e r .
The a m p l i tu d e  o f  t h e  o u tp u t  p r e s s u r e  can  be w r i t t e n  
a s  a  p r o d u c t  o f  te rm s  c o r r e s p o n d in g  t o  th e  above p h ase  p r o c e s s e s :
p .  _ m  \
> Vfi
=
i . e pv  = PABCP» ( 4 . 2 )
H = PA
^sm %
The f a c t o r s  P and P ’ a r e  in d e p e n d e n t  o f  t h e  b o u n d a ry  c o n d i t i o n s  
and d i s c u s s i o n  o f  th e  o s c i l l a t o r y  s o l u t i o n s  i s  t h e r e f o r e  c e n t r e d  
ro u n d  th e  v a l u e s  o f  and f  f o r  th e  p h a s e - l a g  and A, B, C
f o r  th e  a m p l i tu d e .
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The s t e a d y - s t a t e  f l u x ,  J , i s  a  f a i r l y  c o m p l ic a te d  f u n c t i o n  
o f  th e  v a r i o u s  r a t e - p r o c e s s e s  and a p p ro x im a t io n s  t o  th e  f u l l  e q u a t io n  
s e t  o u t  i n  S e c t i o n  3*3 w i l l  be c o n s id e r e d  f o r  th e  v a r i o u s  fo l lo w in g  
c a s e s .
4 .2  The C l a s s i c a l  A p p ro x im a tio n
K Pp.
The s o l u t i o n  f o r  th e  boun d ary  c o n d i t i o n  C„ = —^
2 '\/p
and C^ = 0 c o r r e s p o n d s  t o  R i c h a r d s o n ’s  e q u a t i o n  f o r  th e  s t e a d y  
p e rm e a t io n  r a t e
which i s  th e  same a s  e q u a t i o n  (3*4 ) w i th  -^p ’ n e g l i g i b l e  w i th  
r e s p e c t  t o  "y^p. S in c e  t h i s  v a lu e  o f  J  i s  in d e p e n d è n t  o f  x and 
t  i t  c an  a l s o  d e s c r i b e  th e  em erg en t  f l u x  from th e  sp ec im en  ( a t  
s t e a d y - s t a t e ) .  T h u s ,  t h e  pumping e q u a t i o n  i n  S e c t i o n  3 . 6  can  
be Used t o  d e te r m in e  th e  s t e a d y —s t a t e  o u tp u t  p r e s s u r e  f o r  su ch  
a  f l u x  ( ô p * /  ô t  = 0 )
( f o r  s m a l l  p ^ ,  i . e .  low b ack g ro u n d  com pared w i th  s i g n a l )
ART
The m u l t i p l i e r  = P* o p e r a t e s  on a l l  s t e a d y - s t a t e  f l u x e s  and
em erg en t  f l u x  a m p l i tu d e s  t o  g iv e  th e  c o r r e s p o n d i n g  s t e a d y - s t a t e
p r e s s u r e  o r  o s c i l l a t o r y  p r e s s u r e  a m p l i t u d e .  T h i s  means t h a t  f l u x e s
and f l u x  a m p l i tu d e s  can  be d i s c u s s e d  i n  te rm s  o f  th e  m easu red
p r e s s u r e  q u a n t i t i e s  p r o v id e d  t h a t  th e  f a c t o r  P* i s  u n d e r s t o o d .
P ’ i s  a  t o t a l l y  s y s te m -d e p e n d e n t  p a r a m e te r  and  i s  c o n s t a n t  th r o u g h o u t  
th e  e x p e r im e n t .
The c l a s s i c a l  o s c i l l a t o r y  s o l u t i o n  ( S e c t i o n  3 . 3 )  i s
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c h a r a c t e r i s e d  by th e  f o l l o w i n g  v a lu e s  o f  th e  phase  and a m p l i tu d e  
p a r a m e te r s  o f  e q u a t i o n s  ( 4 . 1 )  and ( 4 .2 )
^  f  s  0
A = C = 1
------------ J -  = ^ ---------------------  = ^ D F ( . )
y s i n h  k l + s i n  k l  J c o s h  2 k l - c o s  2 k l  ( 4 . 5 )
i.__ . r t a n  k l  -  t a n h  k l l  
= [ t a n  k l  + t a n h  k l j
The two f u n c t i o n s ,  F(w) and  0 ,  a r e  shown i n  F i g u r e s  4 .1  
and 4 . 2 .  T he re  a r e  a  few f e a t u r e s  o f  e ac h  o f  t h e s e  f u n c t i o n s  
w hich  can  be u s e d  a s  i n d i c a t o r s  o f  ' c l a s s i c a l  b e h a v io u r * :
F (<*>); a s  w —* 0
.  _ L
V2 1
and  a s  W —»
F(w) — *  0
T hus , a s  m o d u la t io n  becomes v e r y  s lo w  th e  b u lk  d i f f u s i o n  a m p l i tu d e  
a t t e n u a t i o n  f a c t o r  t e n d s  to w a rd s  th e  maximum v a lu e  = D /1 .
The maximum o u t p u t  p r e s s u r e  a m p l i tu d e  can  t h e r e f o r e  be w r i t t e n ,  
i n  te rm s  o f  th e  s t e a d y —s t a t e  o u t p u t  p r e s s u r e  a s
IV
»:
:
Ii
: i :
7';.
L'I
•:v ' 
:
:
p
Thus, a  p l o t  o f  th e  'n o rm a l is e d *  o u tp u t  p r e s s u r e  a m p l i tu d e
p* ^  , a g a i n s t  F(w) s h o u ld  be a  s t r a i g h t  l i n e  e x t r a p o l a t i n g  \  '
Pfl . J I
th ro u g h  z e ro  a t  F(co) = 0 and th ro u g h  —^  when F(w) = : •
2\fp yjz 1 ij;i.
( i . e .  ( i f —*0) •  •
T h is  c o n d i t i o n  i s  u s e d  h e re  a s  a  y a r d s t i c k  to  i l l u s t r a t e
th e  e f f e c t  t h a t  th e  v a r io u s  s u r f a c e  p r o c e s s e s  have on th e  
o u tp u t  p r e s s u r e  a m p l i tu d e .  The s u b s e q u e n t  a m p l i tu d e  c u rv e s  
a r e
[ 7
s t a n d a r d i s e d  i n  t h a t  —^  h a s  been  ta k e n  a s  10\ / b o r r , 1 a s  f. '
.05  cm and D = 5 x 10” ^ cm^sec"^ th r o u g h o u t .  S in c e  a m p l i tu d e  li­
e f  f e c t s  a r e  r e l a t i v e ,  i . e .  th e  s u r f a c e  e f f e c t s  can  be s ee n  a s  -
m u l t i p l i e r s  on th e  c l a s s i c a l  a m p l i tu d e ,  i t  does n o t  m a t t e r  what .t-
v a lu e  i s  ta k e n  f o r  t h e  r e f e r e n c e  . A l l  a m p l i tu d e  g ra p h s  '
a r e  shown w ith  d o t t e d  l i n e s  t o  i n d i c a t e  th e  v a lu e  F(w) -  r —- and
1
t o  i n d i c a t e  th e  c l a s s i c a l  v a lu e s  to  which th e y  a r e  r e f e r r e d .
Phase  l a g ;  a s  W —> 0
(f> —>0
a s  (I) becomes l a r g e  ( k l ^ ~ )
i . e .  t a n  0  = t a n  ( k l  -  v / 4 )
T hus , a  p l o t  o f  <f> Y B »  y/cu s h o u ld  become l i n e a r  a s  u  becomes 
l a r g e  and th e  l i n e a r  p o r t i o n  s h o u ld  ex * tra p o la te  th ro u g h  a v a lu e  
o f  -  v /4  a t  (jJ =: 0  and s h o u ld  have a  s lo p e  o f  1 /  /3 D .  T h is  i s  
t a k e n  to  be th e  y a r d s t i c k  o f  c l a s s i c a l  p h a s e - l a g  b e h a v io u r  and 
a l l  s u b se q u e n t  p l o t s  a r e  r e f e r r e d  to  th e  c l a s s i c a l  p h a s e - l a g s  
g iv e n  b y D s = 5 x 1 0 ^ cm ^/sec  and 1 « .05  cm.
r
ta n h  k l  — 1 p
V. ' ' IV"
1 = . 05  cm
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2D -
e • D=5x10 cm ^ /sec
_6 2i . e .  D=5.56x10 cm / s eI
Go
2D
û; X 10 r a d i a n s / s e c
F ig u r e  4 .1  The f u n c t i o n  F(w) v s .  cu f o r  
a  v a r i e t y  o f  d i f f u s i o n  c o e f f i c i e n t s
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05 cm
D=2x10 cm / s e c
ec
•H
s e c "  x 10
F ig u r e  4 . 2  The f u n c t i o n  = a tn  ~  ^  v s .t a n  k l+ t a n h  k l
\ / ^  f o r  a  v a r i e t y  o f  d i f f u s i o n  c o e f f i c i e n t s
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4 .3  The I n p u t  C o n d i t io n
C o n s id e r  now th e  s i t u a t i o n  where th e  i n p u t  s u r f a c e
p ro d u c e s  an  a p p r e c i a b l e  h o ld u p  b u t  th e  o u tp u t  s u r f a c e  p r o v id e s
no a p p r e c i a b l e  m o d i f i c a t i o n .  I n  t h i s  c a s e ,  th e  o u tp u t  s u r f a c e
i s  c o n s id e r e d  t o  have n e g l i g i b l e  v a l u e s  f o r  i t s  s u r f a c e
c o n c e n t r a t i o n  and  p r e s s u r e  and  t h e  em erg en t  f l u x  i s  g iv e n  by
th e  a p p l i c a t i o n  o f  P i c k ' s  F i r s t  Law t o  th e  c o n c e n t r a t i o n  g r a d i e n t  
a t  X = 1 .
The s t e a d y - s t a t e  f l u x  e q u a t i o n s  ( 3 . 1 )  become: 
j  = K^ p -  Kg = Kj e  _ K^ c = ^
R e a r r a n g in g ;
,  K i ,  .
U sing
DK V p  / K - \ i K.
■^ CLAS = ^1 ’ ?
one o b t a i n s  t h e  s t e a d y - s t a t e  f l u x ,  J ,  i n  te rm s  o f  th e  c l a s s i c a l  
s t e a d y - s t a t e  f l u x ,
O liA S _______
k  * ’ )
From t h i s ,  two l i m i t i n g  c a s e s  ( a s i d e  from  th e  c l a s s i c a l  c a s e )  
can  be i d e n t i f i e d  a c c o r d in g  a s  w h e th e r  t h e  r a t e - c o n s t a n t  K. i s  
l a r g e ,  t h a t  i s  ^ o r  t h e  r a t e - c o n s t a n t  K. i s  l a r g e ,  t h a t
■n ' ^
i s  «  1 .
il
1
;
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Case ( i ) :  ^  «  1 g iv e s
J  = <JGLAS
1 -  J
K^P
( 4 .8 )
T h is  i m p l i e s  t h a t  th e  s u r f a c e  % = o ( s e e  F ig u r e  3 .1 )  
p ro d u c e s  an  i n s i g n i f i c a n t  d e la y  and t h a t  th e  m o d i f i c a t i o n  i s  
c o n f in e d  to  th e  s u r f a c e  x = o " .  The i n d i c a t o r  o f  t h i s  d e la y  
i s  th e  r a t i o  o f  th e  f l u x  p a s s in g  th ro u g h  th e  s u r f a c e  x = o 
( i . e .  J )  to  th e  f l u x  im p in g in g  on t h a t  s u r f a c e  due to  th e  f u g a c i t y
o f  th e  i n p u t  g a s  ( i . e .  K ^p).
The c o r r e s p o n d in g  o s c i l l a t o r y  e f f e c t  can  be o b t a in e d  
from th e  s i m p l i f i e d  s o l u t i o n s  ( n e g l e c t i n g  o u tp u t  te rm s  c o n t a i n i n g  
x ^ /x ^ )  ( 3 . 21 ) a n d . ( 3 . 22 ) .  F i r s t ,  th e  te rm s  e ^ ,  e ^ , e^  ( S e c t i o n  
3*9) can  be re d u c e d  f o r  l a r g e  and g iv in g :
■ {’ - W ■
D"^ s^ra *^ CLAS 1 
®1 = / r  J  "  K^P
" 1%
-1
2^5d %ik c L A i -  1
/ 2  2 K.|P' 2 Æd
°2  =
2 (K.,KgP)^
The a m p li tu d e  m o d i f i c a t i o n  f a c t o r ,  A, c an  be w r i t t e n  from 
e q u a t i o n  ( 3 . 2 2 ) :
4 /e^^+2e^e,jW^ / s in h  2 k l + s i n  2 k l \  + 2e,.^ w / cosh  2 k l+ c o s  2k l \  
y ^ c o sh  2k l - c o s  2k l y y cosh  2 k l~ c o s  2k l /
s i
U sing  power s e r i e s  e x p a n s io n  f o r  low W*s i t  can  be s e e n  t h a t ,  
a s  (if —► o:
K
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,  i  / s i n h  2 k l+ 6 i n  2 k l \   ®
y co sh  2 k l - c o s  2k l j  1
o GLAS 
K,P K,P
2e
H
co sh  2 k l+ c o s  2 k l
co sh  2k l - c o s  2k l )  
So t h a t ,  a s  Cü —►o
°  _ 1  f -C L A s)
l 2 -  4 \k . ,P  )
/^ C L A s \
- 1 ( J /K . |P )2
* + I z K .p  ; ■' + 4 ( i - j / k.,p ) _
- 4
( 4 .1 0 )
F ig u r e  4 . 5  shows t h e  f u n c t i o n s  ^  and J  from  e q u a t i o n s  ( 4 .1 0 )  and 
( 4 .8 )  n o r m a l i s e d  t o  an  a r b i t r a r y  v a lu e  o f  2 0 .  I t  can  be s e e n  
t h a t  th e  maximum a m p l i tu d e  i s  l e s s  s e n s i t i v e  t o  J /K ^ p  th a n  i s  
th e  f l u x  b u t  t h a t  b o th  d e c r e a s e  t o  z e r o  a s  J /K .jp  t e n d s  to w a rd s  
i t s  maximum v a lu e  o f  u n i t y .  ( J  c a n n o t  e x ce e d  K,^p s i n c e  t h i s  would 
im p ly  a  n e t  f l u x  a c r o s s  x = o w hich i s  g r e a t e r  th a n  th e  i n c i d e n t  
f l u x  on th e  s u r f a c e  from  th e  g a s . )
F ig u r e  4 . 4  i l l u s t r a t e s  t h e  e f f e c t  o f  A ( e q u a t i o n  ( 4 . 9 ) )  
on th e  o u tp u t  p r e s s u r e  a m p l i t u d e .  As shown i n  S e c t i o n  4 .2  a  p l o t
o f  n o r m a l i s e d  o u t p u t  p r e s s u r e  p* a g a i n s t  th e  f u n c t i o n
2 2 n - i  ^F(w) =  k [ s i n  k l  + s i n h  k l j " ^  w i l l ,  f o r  t h e  c l a s s i c a l  c a s e  be
l i n e a r  p a s s i n g  th ro u g h  th e  o r i g i n  and  th r o u g h  p */2  / v  a t
F(w) =r 1 / / 2 1  (= 1 4 .1 4  f o r  t h e  ’ s ta n d a r d *  v a lu e  o f  1  = . 0 5 ) .
F ig u r e  4 . 4  shows t h e  d e v i a t i o n s  from  t h i s  ’c l a s s i c a l *  
b e h a v io u r  c a u s e d  by th e  f a c t o r  A  ^ e q u a t i o n  ( 4 . 9 ) a s  J/K,^p v a r i e s .  
I t  c a n  be s e e n  t h a t  f i n i t e  v a l u e s  o f  J/K,^p c a u se  a  c u r v a t u r e  o f  
th e  c l a s s i c a l  p l o t  and  a l s o  a  downward s h i f t  o f  th e  e x t r a p o l a t e d  
a m p l i tu d e  a t  u v ( F ( w )  - r* -1 / /2 1 )  a c c o r d in g  to  th e  c u rv e  f o r  ^  
i n  F ig u r e  4 . 5 .  I t  s h o u ld  a l s o  be n o te d  t h a t  t h e  v a lu e  10  i n  
F ig u r e  4 .4  r e f e r s  o n ly  to  th e  c l a s s i c a l  v a lu e  o f  p * / 2 / p  (m o d i f ie d  
s t e a d y - s t a t e  o u tp u t  p r e s s u r e )  and  t h a t  f o r  v a l u e s  o f  J/K,^p
89
05
-P
•H
A
P
î>9
5
U+î
•H
■gctS
X
HP=4
20
16
12
8
4
0
0
J/K ^P
F ig u r e  4 .3  The maximum a m p l i tu d e  m o d i f i c a t i o n ,  
and th e  s t e a d y - s t a t e  f l u x ,  J ,  b o th  a s  a  f u n c t i o n  o f  
b o th  n o r m a l i s e d  t o  a  maximum v a lu e  o f  20 f o r  
c o m p ar iso n
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F igu re  4.4 The e f f e c t  o f  th e  in p u t param eter J/K^p
on th e  am plitude a t t e n u a t io n  fo r  ou tp u t p r e ssu r e
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a p p r e c i a b l y  d i f f e r e n t  from z e ro  th e  m easured  v a l u e s  o f  p ' / 2 /p  
w i l l  be s h i f t e d  downwards a c c o r d in g  to  th e  c u rv e  f o r  J  i n  F ig u r e  4 .^ ,  
T hus , an  a t t e m p t  t o  c o n s t r u c t  a  p l o t  su ch  a s  F ig u r e  4 .4  i n  th e  
n o n - c l a s s i c a l  c a s e  would p ro d u ce  a  c u rv e d ,  n o r m a l i s e d  a m p l i tu d e  
which e x t r a p o l a t e s  above th e  m easured  v a lu e  o f  p * / 2 / p .  The 
d i f f e r e n c e  b e tw een  p^y/p/p^^ and  ^ * / 2 / p  w i l l  a t  f i r s t  i n c r e a s e  
and th e n  d e c r e a s e  w i th  i n c r e a s i n g  J /K ^ p  a c c o r d in g  to  F ig u r e  4 .3 -  
The p h a se  l a g  due t o  th e  i n p u t  s u r f a c e  i s  g iv e n  by 
e q u a t i o n  ( 3 . 2 1 ) a g a in  n e g l e c t i n g  te rra s  i n  x ^ /x ^ :
t a n  xf/ = ÜJ + i j
(:
s i n h  2 k l - s i n  2 k l  
co sh  2 k l - c o s  2k l )
( -yco
1  ( j j i  ( s i n h  2 k l + s i n  2k l
sh  2 k l - c o s  2 k l )
(4 .1 1 )
where __2 
e^ K I Psm * K.
an  a l t e r n a t i v e  form  f o r  s m a l l  e ^ ,  i . e .
t a n  \}/ = s i n h  2 k l - s i n  2 k l  c o sh  2 k l - c o s  2k l )
1 +
'o V "
s i n h  2k l + s i n  2k l
)co sh  2 k l - c o s  2 k l  
i s  d i s c u s s e d  u n d e r  D/IK^ c o n t r o l  ( F ig u r e  4 . 7 )
F ig u r e  4 .5  shows th e  p h a s e - l a g  \f/ + <p (w here  (f) i s  g iv e n
by e q u a t i o n  ( 4 . 5 ) )  f o r  a v a r i e t y  o f  v a l u e s  o f  e . / e _  and  e / e _ .
1 2  o 2
The s t a n d a r d  v a l u e s  o f  D, 1 ( i . e .  5 x 10"^ and  .0 5 )  were u sed  
i n  t h i s  c a l c u l a t i o n  and th e  c o r r e s p o n d in g  c l a s s i c a l  p l o t  i s  shown 
f o r  c o m p a r iso n .  I t  i s  n o t  p o s s i b l e  t o  r e l a t e  th e  p h ase  e f f e c t s  
i n  t h i s  c a s e  d i r e c t l y  t o  J /K ^ p  b e c a u s e  o f  th e  form  o f  t h e  
p a ra m e te r  e^
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F igu re  4 .^  The e f f e c t  o f  th e in p u t param eter e^ /e^
on th e  phase la g  w ith  th e  in p u t param eter e^ /e^  = 0 .8
Case ( i i ) :  J / K ^ p «  1 g i v e s ;
J  = ^ P M  . ( 4 .1 2 )
T h is  c a s e  i s  com plem en ta ry  to  c a s e  ( i )  and c o v e r s  th e  
s i t u a t i o n  where t h e r e  i s  i n s i g n i f i c a n t  d e la y  a t  t h e  s u r f a c e  x = o 
and h o ld u p  i s  c o n f in e d  to  th e  s u r f a c e  x = o .  The i n d i c a t o r  o f  
t h i s  d e la y  i s  D/IK^^ which i s  a  c o m p ar iso n  o f  th e  f l u x  th ro u g h  
th e  sp ec im en  DC/1 t o  th e  d e - s o l u t i o n  f l u x  a t  th e  i n p u t  s u r f a c e ,  
-K^^C.
F o r  l a r g e  ,K^ th e  te rm s  e ^ ,  e ^ , e^  i n  S e c t i o n  3*9 
can  be a p p ro x im a te d :
=  D^/y/2 
®2 =  °
The a m p l i tu d e  m o d i f i c a t i o n  f a c t o r  i s  th e  same a s  f o r  c a s e  ( i ) ,  
e q u a t i o n  ( 4 . 9 ) , ( e x c e p t  t h a t  e^  = 1 ) and  can  be expanded  a s  b e f o r e  
f o r  low OJ t o  y i e l d  i t s  maximum v a lu e
1 ^ =  1 / ( 1  + e ^ / 2D / l )  = 1 /(1+ D /1K ^) ( 4 .1 3 )
F ig u r e  4 .6  shows t h e  v a r i a t i o n  o f  t h e  m o d i f ie d  o u tp u t  
p r e s s u r e  a m p l i tu d e ,  c a u s e d  by v a r i o u s  v a l u e s  o f  th e  f a c t o r
D/IK^^. The m a jo r  d i f f e r e n c e  b e tw een  t h i s  c a s e  and c a s e  ( i )  i s  
t h a t  h e re  and J  go down i n  th e  same p r o p o r t i o n  on i n c r e a s i n g  
D/IKi^ ( e q u a t i o n s  ( 4 .1 2 )  and (4 .1 3 ) ) .  T h i s  i s  i n  d i r e c t  c o n t r a s t  
t o  th e  c a s e  f o r  J /K ^p  c o n t r o l  a s  shown by e q u a t i o n s  ( 4 . 8 ) and 
( 4 .1 0 )  and F ig u r e  4 .3*  T hus , f o r  D/IK^^ c o n t r o l  th e  c u rv e  f o r
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m easu red  v e r s u s  F(w) w i l l  a lw ay s  e x t r a p o l a t e  to  p * /2 /p
when ÜJ—►o. The o n ly  i n d i c a t i o n  o f  n o n - c l a s s i c a l  b e h a v io u r  w i l l
be i n  a  c u r v a t u r e  o f  th e  p l o t s .  The e q u a t i o n  f o r  t a n  xp i s  th e
same a s  f o r  th e  low e^  v e r s i o n  o f  e q u a t i o n  ( 4 .1 1 )  e x c e p t  t h a t
h e r e  e = 1  and  t h u s :  o
. . . . i  
1e . c u ^  [ s i n h  2 k l - s i n  2k l  [ \ c o s h  2 k l - c o s  2k l /tan ^ = ______  l  l / ,,, ^i.\
Î  ^  / s i n h  2 k l + s i n  2 klY .
1 ^  I cosh  2k l - c o s  2 k l )
Figure 4.7 compares i/' + 0 with the corresponding c lassical 
equation ( i . e .  \J/ = o ) .  One important point about, equation (4.l4)
is  worth noting. As the value of e  ^(and hence D/IK^) becomes
large equation (4.14) tends towards:
. J. I s i n h  2k l - s i n  2k l
= s i n h  2k l + s i n  2k l
i . e .  t h e r e  i s  a  ’ s a t u r a t i o n *  i n  th e  i n p u t  s u r f a c e  p h ase  l a g .
4.4 The O u tpu t C o n d i t io n
Suppose now t h a t  th e  i n p u t  s u r f a c e  i s  a t  e q u i l i b r i u m  
and t h a t  th e  o u t p u t  s u r f a c e  r a t e  p r o c e s s e s  a r e  f i n i t e  a s  a r e  th e
o u tp u t  c o n c e n t r a t i o n s .  The s t e a d y - s t a t e  f l u x  e q u a t i o n s  ( 3 # 1 ) 
become:
J = K| 0 '^  -  K^PV=. K^ C< -  K' e ' C)
and C =
Thus:
J = + '^ CLAS
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F ig u re  4.6 The e f f e c t  o f  th e  in p u t param eter D/IK^^
on th e  o u tp u t p ressu re  am p litud e
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97
Again, using the iden tities  for J -? .-  and K the equationoiiAo sm
corresponding to equation (4.7) for the steady-state flux, J,
in terms of the c lassical steady-state flux, J _ is :
O L A o
For small values of p*/p th is  becomes:
^  ~  ^ C h k S
1 -  y j / K ^ p  
_ d / i k J  + 1
( 4 .1 5 )
Again, two limiting cases present themselves according to whether 
J /K * p  is  small or D/IK^ is  small.
Case ( i)  D/IK^J «  1 gives:
J  = JcLAS ( 4 .1 6 )
This case is  the output analogue to equation (4.8) where 
the surface x = 1 produces insignificant delay and the surface 
X = 1  ^ produces a l l  the modification. The indicator of th is  delay 
is  a l i t t l e  more d i f f ic u l t  to in te rp re t than in the corresponding 
input case and i s  given by the ra tio  of the f l u x , ,J ,  to the back- 
flux from the output gas which would occur were the output pressure 
equal to the input pressure, KJjp.
The oscillatory  solutions are now obtained from the 
bulk modifications (3 *19) and (3*20) and also the output surface 
modifications (3*17) and (3*18). For the bulk diffusion modification 
i t  is  useful to write the term x^/x^ in terms of J/K Jjp . Using 
the values in Section 3*8:
I tr  « A R T xtn -^
o 2 0 »
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i f  1/ K ^ — ►Oî
I  ^  = i f  2 K | V  b  + - T - ]
b u t  K ^ ^ e ’ = J j  -  K]jp'
and t h u s ,  s u p p o s in g  t h a t  th e  r e - s o l u t i o n  te rm  i s  s m a l l ,  i . e .  K J jp * «  J:
s i  1
*0  "  i/2 2K '^  / J
a n d ,  e v e n t u a l l y :
y % r
T K 'p
Xo 1 -  / J /K * p  2i/§D
The te rm  x ^ /x ^  a l lo w s  d e f i n i t i o n  o f  t h e  b u lk  d i f f u s i o n  m o d i f i c a t i o n s  
i n  a m p l i tu d e  and p h a s e ,  b u t  th e  p a r a m e te r s  C and t a n  ^ ( l i k e  p a r t  
o f  th e  i n p u t  c o n d i t i o n )  c a n n o t  be w r i t t e n  i n  te rm s  o f  t h e  s t e a d y -  
s t a t e  f l u x  d e v i a t i o n  a l o n e .  Sum m arising  from  e q u a t i o n s  ( 3 * 1 7 ) t 
( 3 . 18 ) ,  ( 3 .1 9 )  and ( 3 . 2 0 ) :
1-4
t a n  = u / 2 K '  e  '
and
co sh  2k l - c o s  2 kl+ — w ^ ( s i n h  2k l + s i n  2 k l )
+2 | —  hv (c o s h  2 k l+ c o s  2 k l )
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2x .  1
t a n  k l - t a n h  k l  +  UJ ^  t a n  k l  t a n h  k l
t a n  ÿ) = _____________________
2x . 1
t a n  k l+ t a n h  k l  +   OJ ^
E xpanding  th e  b o t to m  l i n e  o f  B i n  power s e r i e s  o f  2 k l  a s  b e f o r e  
i t  can  be s e e n  t h a t  a s  o j —►o:
C" = 1
and  'b ' s -----------------   ( 4 .1 7 )
2 k l  Tl + /J /K jjp  1
L 2(1  -  i /J /K ’ p) Jj 7 i q i
The v a r i a t i o n  o f  th e  f l u x  ( 4 . 1 6 ) and  th e  maximum a m p l i tu d e  
m o d i f i c a t i o n ,  BC, w i th  J/KJjp i s  shown i n  F ig u r e  4 . 8 .  T h is  p l o t  
i s  th e  a n a lo g u e  o f  F ig u r e  4 .3  and  i t  can  be s e e n  by com paring  
th e s e  two f i g u r e s  t h a t  J  f a l l s  i n i t i a l l y  much more r a p i d l y  w i th  
th a n  i t  d o es  f o r  th e  c o r r e s p o n d i n g  i n p u t  c o n d i t i o n  J /K ^ p .
T h is  means t h a t ,  i f  = KJ|, o u t p u t  e f f e c t s  i n  th e  s t e a d y - s t a t e  
f l u x  w i l l  m a n i f e s t  th e m s e lv e s  e a r l i e r  ( w i th  i n c r e a s i n g  d e v i a t i o n  
from  e q u i l i b r i u m )  t h a n  w i l l  th e  c o r r e s p o n d i n g  i n p u t  e f f e c t s  f o r  
t h i s  ty p e  o f  c o n t r o l .  S i m i l a r  re m a rk s  a p p ly  to  th e  maximum a m p l i tu d e  
m o d i f i c a t i o n  ( a t  w = o ) .
The e f f e c t s  o f  th e  p a r a m e te r s  J /K *p  and  c = 2K^0* 
on th e  o u tp u t  p r e s s u r e  a m p l i tu d e  th r o u g h  th e  m o d i f i c a t i o n s  B and  
C a r e  shown i n  F ig u r e  4 . 9 .  Note t h a t  C does  n o t  a f f e c t  t h e  a m p l i tu d e  
a t  (L) = o (F(w) = 1 4 .1 4 )  s i n c e  '6^ = 1 .  C o n s i d e r a t i o n  o f  F ig u r e  4 .8  
a lo n g  w i th  F ig u r e  4 . 9  shows t h a t ,  a l t h o u g h  e f f e c t s  a r e  more r a p i d l y  
f e l t  a t  t h e  o u t p u t  t h a n  a t  th e  i n p u t  th e  d i f f e r e n c e  b e tw een  th e  
e x t r a p o l a t e d  v a lu e  o f  th e  m o d i f ie d  o u t p u t  p r e s s u r e  a m p l i t u d e ,
Pg Vp/Pjj and th e  m easu red  s t e a d y - s t a t e  l e v e l  p ' / 2  i/p a r e  n o t  a s  
g r e a t  a s  i n  th e  c a s e  f o r  th e  i n p u t  ( F i g u r e s  4 .3  and  4 . 4 ) .
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F ig u r e  4 .8  The v a r i a t i o n  o f  F lu x ,  J ,  and  maximum
/So u tp u t  p r e s s u r e  a m p l i tu d e  m o d i f i c a t i o n ,  B, w i th  J /K *p
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Figure 4.9 Output pressure amplitude modification
by the quantities J/KJjp and c = 2K^  6 *
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F ig u r e  4 .1 0  shows th e  c o r r e s p o n d in g  phase  e f f e c t s  0 + f  - 
Case ( i i )  J/KJjp « 1  g i v e s :
T h i s  i s  t h e  o u tp u t  a n a lo g u e  o f e q u a t i o n  ( 4 .1 2 )  and i s  
i n  f a c t  p h é n o m én o lo g iea l l y  i n d i s t i n g u i s h a b l e  from  i t .  Both  e f f e c t s  
( i n p u t  and o u t p u t )  s h o u ld  m a n i f e s t  th e m s e lv e s  s i m u l t a n e o u s l y  i n  
th e  s t e a d y - s t a t e  u n l e s s  th e  two s u r f a c e s  a r e  p h y s i c a l l y  d i f f e r e n t  
(K^ 7^  • The e q u a t i o n s  f o r  B, G, t a n  f  and t a n  <p a r e  th e  same
a s  f o r  c a s e  ( i )  e x c e p t  t h a t  th e  p a r a m e t r i c  v a lu e  o f  x ^ /x ^  i s
c h an g ed :
D
w hich  e v e n t u a l l y  g i v e s ,  f o r  l a r g e  KJj and K^:
Ü  J Ü Ü  M ï l  JLL VyS, J  +  k ;
*o / 2D
T hus, a s  ÜJ—►o
i d + ï l r )
^"^4 ( 4 .1 9 )
S in c e  t h e  c l a s s i c a l  v a lu e  o f i s  D/1 ( s e c t i o n  4 .2 )  
t h i s  m o d i f i c a t i o n  h a s  th e  same e f f e c t  a t  w = o a s  e q u a t i o n  ( 4 .1 5 )  
and th u s  t h e  o u tp u t  p r e s s u r e  m o d i f i c a t i o n  i s  i n d i s t i n g u i s h a b l e  
from t h i s  u n l e s s  0 i s  o p e r a t i v e .  F ig u r e  4 .11  shows th e  a m p l i tu d e s  
and F ig u r e  4 .1 2  th e  p h ase  e f f e c t s  o f  t h i s  m o d i f i c a t i o n .
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toa(0
•H'O(0
u
+
•O.
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8
-1 x10ans sec
432e
F ig u re  4 .1 0  Phase e f f e c t s  due to  th e  ou tp u t
param eters J/KJjp and c = 2K^ 6?
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F ig u re  4 .1 1  The e f f e c t  o f  th e  ou tp u t param eters
c = 2K^0* and D/IK^ on th e  o u tp u t p r essu re  am p litud e
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c= • 1
IK,' 05 0
=  00
•H
^w /radians sec~^
F igu re  4 .1 2  The e f f e c t  o f  th e  o u tp u t param eters
c = 2K^0* and D/IK^ on th e  phase.
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I n  b o th  th e  above c a s e s ,  D/IK]^ c o n t r o l  an d  J /K ^p  c o n t r o l , 
t h e r e  i s  a  ' s a t u r a t i o n *  i n  th e  b u lk  p h a s e - l a g  f o r  l a r g e  
( p r o v id e d  t h a t  f  = o) where th e  maximum v a lu e  o f  0  i s  g iv e n  by:
= a r c  t a n  ( t a n  k l  t a n h  k l ) ( 4 .2 0 )
4 .5  O x i d e - l i m i t e d  P e rm e a t io n
A n o th e r  s u r f a c e  c o n d i t i o n  r e l e v a n t  t o  t h i s  work i s  t h a t  
where a  p e rm e ab le  o x id e  e x i s t s  on one o r  b o th  o f  th e  s u r f a c e s .
I f  gas  i s  assum ed t o  p a s s  th ro u g h  th e  o x id e  by a s o l u t i o n / d i f f u s i o n  
m echanism , th e  w hole p rob lem  c an  be t r e a t e d  a s  p e rm e a t io n  th ro u g h  
a  c o m p o s i te  medium.
.
Gas Oxide M é ta l Oxide Gas
P D — P*
C C' ”2 “2 -
1
------- ------- ----------------------
F ig u r e  4 .1 3 Scheme f o r  o x i d e - l i m i t e d p e r m e a t io n
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I f  i t  i s  f u r t h e r  su p p o sed  t h a t  e q u i l i b r i u m  p r e v a i l s  
a t  a l l  t h e  i n t e r f a c e s  shown i n  F ig u r e  4 .1 3  and t h a t  th e  gas  d i s s o l v e s  
m o l e c u la r ly  i n  th e  o x id e  ( l 8 ) a c c o r d in g  t o  th e  m o d if ie d  S i e v e r t s  
Law m = K^g^p, where m i s  a  m o le c u la r  c o n c e n t r a t i o n  o f  h y d ro g e n ,  
th e n :
- i; "i Ï" ”2 ■ --
K
and C ( 4 .2 1 )
. where 1 ^ ,  1^ ,  1 a r e  th e  o x id e  t h i c k n e s s e s  a t  t h e  i n p u t  s i d e  and 
o u tp u t  s i d e  and  th e  m e ta l  t h i c k n e s s  r e s p e c t i v e l y .
m^, mjj, m^, m^ a r e  m o le c u la r  c o n c e n t r a t i o n s  o f  g a s  i n  
th e  o x id e  a t  t h e  i n p u t  g a s / o x i d e ,  i n p u t  o x i d e / m e t a l ,  o u tp u t  m e t a l /  
o x id e  and o u tp u t  o x i d e /g a s  i n t e r f a c e s  r e s p e c t i v e l y .
i s  th e  m o le c u la r  d i f f u s i o n  c o e f f i c i e n t  o f  g a s  i n
th e  o x i d e .
C, C*, p ,  p * , D a r e  a s  b e f o r e .
These p a r a m e te r s  a r e  shown i n  F ig u r e  4 . 1 3 .
W r i t in g  th e  c o r r e s p o n d i n g  f l u x  e q u a t i o n s  f o r  J /K ^ p  c o n t r o l  
i n  th e  model f o r  f i n i t e  s o l u t i o n  p r o c e s s e s  ( i . e .  e q u a t i o n  ( 3 . I ) 
w i th  th e  s u r f a c e s  i n  e q u i l i b r i u m )  :
J = K^ p - = K^ e'  ^ -  K'p' = - c)
S eand C =
S
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The two s i t u a t i o n s  a r e  e x a c t l y  a n a lo g o u s  w here :
^ s a  j 0 5  
1 '
^ 2  == ï ;  1  e - V
K*
D, /  K- K» K ^
E f E —  1 ( 4 . 2 2 )
U n f o r t u n a t e l y  u n l e s s  = 1^ t h e r e  i s  no r e a s o n  to  su p p o se  t h a t  
a s  i s  p o s s i b l e  i n  t h e  c a s e  o f  s u r f a c e  c o n t r o l .
A l l  th e  r e s u l t s  o f  th e  s u r f a c e  e f f e c t s  csin t h e r e f o r e  
be w r i t t e n  by a n a lo g y  f o r  o x i d e - l i m i t e d  p e r m e a t io n .
4 .6  Summary
The c l a s s i c a l  e q u a t i o n s  show t h a t ,  i n  t h e  l i m i t  o f  i n p u t  
s u r f a c e  e q u i l i b r i u m  and o u t p u t  s u r f a c e  e q u i l i b r i u m  w i th  C*—►©, 
th e  m easu red  v a r i a b l e s  i n  th e  e x p e r im e n t  p * , p * , ^  y i e l d  two 
q u a n t i t i e s :  th e  d i f f u s i o n  c o e f f i c i e n t ,  D, and th e  e q u i l i b r i u m
s o l u b i l i t y  a s  d e f i n e d  by S i e v e r t s  Law C = / p .
When t h e  c l a s s i c a l  c o n d i t i o n s  a p p ly  ( i . e .  t h i c k  s p e c im e n ,  
h ig h  i n p u t  p r e s s u r e ,  low d i f f u s i o n  c o e f f i c i e n t )  th e  p r o c e s s  o f  
d i f f u s i o n  i n  t h e  b u lk  o f  th e  s o l i d  i s  s o  much s lo w e r  t h a n  th e  
s o l u b i l i s a t i o n  p r o c e s s e s  t h a t  t h e  l a t t e r  have  an u n d e t e c t a b l e  
e f f e c t  on th e  e x p e r im e n t .  T h a t  t h e  p r o c e s s e s  a r e  u n d e t e c t a b l e  
does  n o t  mean, h o w ev er ,  t h a t  t h e y  do n o t  o c c u r  n o r  t h a t  t h e  s u r f a c e s  
a r e  in d e e d  i n  e q u i l i b r i u m .
Under c l a s s i c a l  c o n d i t i o n s  m easu rem en ts  d e r i v e d  from
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th e  m a c ro sc o p ic  f lo w  o f  gas  th ro u g h  a  sp ec im en  a l lo w  e v a l u a t i o n
o f  th e  p r o d u c t  DK : m easu rem en ts  d e r iv e d  from th e  t im e  ta k e nsm
f o r  gas  t o  t r a v e r s e  a  sp ec im en  a l lo w  e v a l u a t i o n  o f  D a l o n e .  Both 
t y p e s  o f  m easurem ent a r e  n o rm a l ly  made i n  e x p e r im e n t s  where th e  
d i f f u s i o n  c o e f f i c i e n t  and th e  s o l u b i l i t y  a r e  r e q u i r e d .  I f  o n ly  
t h e  p e r m e a b i l i t y  (DK^^) i s  w an ted  th e n  t im e -d e p e n d e n t  e x p e r im e n ts  
a r e  n o t  n e c e s s a r y .
I n  th e  p r e s e n t  w ork , th e  p h a s e - l a g  i s  a  f u n c t i o n  o n ly  
o f  th e  d i f f u s i v i t y  and  th e  s t e a d y - s t a t e  i s  a  f u n c t i o n  o n ly  o f  
t h e  p e r m e a b i l i t y .  The a m p l i tu d e  i s  a  f u n c t i o n  o f  p e r m e a b i l i t y  
b u t  a l s o  dep en d s  on th e  d i f f u s i o n  c o e f f i c i e n t  i n  a  v e r y  s p e c i f i c  
way th r o u g h  th e  f u n c t i o n  F ( w ) .  The a m p l i tu d e  can  t h e r e f o r e  be 
u se d  a s  a  c h e c k  f o r  i n t e r n a l  c o n s i s t e n c y  b e tw een  th e  p h ase  ( d i f f u s i o n  
c o e f f i c i e n t )  and  s t e a d y - s t a t e  ( p e r m e a b i l i t y )  m easu re m e n ts .
The pheuse-lags  and  a m p l i tu d e s  m ust a l s o  b e a r  a  s p e c i f i c  
r e l a t i o n s h i p  t o  th e  a n g u l a r  f r e q u e n c y  o f  m o d u l a t i o n , w ,  and f a i l u r e  
t o  do so  w i l l  be i n d i c a t i v e  o f  t h e  e x t e n t  t o  w hich  th e  c l a s s i c a l  
a p p r o x im a t io n  a p p l i e s .
Checks w hich  c an  be a p p l i e d  t o  th e  s t e a d y - s t a t e  a r e
l i m i t e d  t o  t e m p e r a tu r e  c o n s i s t e n c y  ( A r r h e n iu s  b e h a v i o u r ) ,  c o n s i s t e n c y
w i th  t h i c k n e s s  ( i n v e r s e  t h i c k n e s s  r e l a t i o n s h i p )  and c o n s i s t e n c y
±
w ith  i n p u t  p r e s s u r e  (* p ^  l a w * ) .  F a i l u r e  i n  any  o f  t h e s e  i n s t a n c e s  
i s  f a i l u r e  o f  t h e  R ic h a rd s o n  e q u a t i o n  and i s  i n d i c a t i v e  o f  n o n -  
c l a s s i c a l  p e r m e a t io n .
When th e  t im e  t a k e n  f o r  th e  s o l u b i l i s a t i o n  p r o c e s s  t o  
o c c u r  becomes com parab le  w i th  th e  t r a v e r s e  t i m e ,  th e  f r e q u e n c y  
r e s p o n s e  w i l l  become i n c r e a s i n g l y  d o m in a ted  by  s o l u b i l i s a t i o n  
p a r a m e t e r s .  The a m p l i tu d e  p l o t s  v s .  F(w) w i l l  d e v i a t e  from  th e  
c l a s s i c a l  s t r a i g h t  l i n e  and  t h e  l i m i t i n g  v a lu e  a s  UJ—* -o  may become
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i n c o n s i s t e n t .  P hase  c u rv e s  w i l l  l i e  above th e  c l a s s i c a l  l i n e  
and w i l l  no l o n g e r  n e c e s s a r i l y  e x t r a p o l a t e  th ro u g h  -7T/4 on th e  
w = o a x i s .  I n v e r s i o n  o f  th e  c u r v a t u r e  o f  th e  phase  p l o t s  may 
a l s o  o c c u r .
I n  th e  f o r e g o in g  a n a l y s i s  an  a t t e m p t  h a s  b een  made to  
t y p i f y  th e  s o r t  o f  d e v i a t i o n s  one m igh t e x p e c t  from  c l a s s i c a l  
b e h a v io u r  f o r  c e r t a i n  l i m i t i n g  c a s e s  o f  th e  s u r f a c e  p r o c e s s e s .
I t  h a s  been  found  n e c e s s a r y  t o  s e p a r a t e  th e  e f f e c t s  o f  th e  i n p u t  
and o u tp u t  p r o c e s s e s  i n  o r d e r  t h a t  each  may be exam ined  more c l e a r l y .  
A f u r t h e r  s u b d i v i s i o n  h a s  b een  made i n t o  two ty p e s  o f  s u r f a c e  
c o n t r o l  w hich may be e x e r c i s e d  a t  e ach  o f  th e  i n p u t  and  o u tp u t  
s u r f a c e s ;  a  J /K ^ p  ty p e  o f  c o n t r o l  a t  t h e  g a s - s o l i d  i n t e r f a c e s  and 
a  D/IK^^ ty p e  o f  c o n t r o l  a t  t h e  b u l k - s u r f a c e  i n t e r f a c e s .  The f o u r  
c a s e s  a r e  sum m arised  i n  F ig u r e  4 .1 4  i n  te rm s  o f  t h e  s t e a d y - s t a t e  
f l u x  e q u a t i o n s  w hich  d e s c r i b e  them . The accom panying  g ra p h s  a r e  
s c h e m a t ic  c h e m ic a l  p o t e n t i a l  d ia g ra m s ,  a  d i s c o n t i n u i t y  i n  c h e m ic a l  
p o t e n t i a l  b e in g  i n d i c a t i v e  t h a t  h o ld u p  i s  o c c u r r i n g  a t  a  p a r t i c u l a r  
i n t e r f a c e .
C o m b in a tio n  o f  th e  f o u r  e f f e c t s  shown i n  F ig u r e  4 .1 4  
g iv e s  th e  s t e a d y - s t a t e  f l u x  w i th  a l l  f o u r  m echanism s o p e r a t i v e .
J,
P
The o s c i l l a t o r y  s o l u t i o n s  f o r  e a c h  o f  t h e s e  f o u r  c a s e s  were a l s o  
d i s c u s s e d  i n  t h i s  C h a p te r  i n  c o m p ar iso n  t o  th e  c l a s s i c a l  o s c i l l a t o r y  
s o l u t i o n .  The c h a r a c t e r  o f  t h e s e  s o l u t i o n s  c o u ld  a g a i n  be s e p a r a t e d  
i n t o  J /K ^ p  and D/lK^^ ty p e s  b u t  some a d d i t i o n a l  's e c o n d a ry *  e f f e c t s  
were a l s o  a p p a r e n t .
I t  was a l s o  p o in t e d  o u t  t h a t  t h e  c a s e  o f  o x i d e - l i m i t e d
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p e rm e a t io n  c o u ld ,  w i th  c e r t a i n  a s s u m p t io n s  a b o u t  th e  n a t u r e  o f  
th e  o x id e  h o ld u p ,  be t r e a t e d  a s  a  f i n i t e  s u r f a c e  r a t e  p r o c e s s  
w i th o u t  D/IK^^ c o n t r o l ,  i . e . :
^  =  ^ C L A S  [ V r  -
where th e  p a r a m e te r s  and KJj have an  e n t i r e l y  d i f f e r e n t  m eaning 
and  a r e  r e l a t e d  t o  th e  m o le c u la r  s o l u b i l i t y  o f  g a s  i n  th e  o x id e  
l a y e r ,  i t s  m o le c u la r  d i f f u s i o n  c o e f f i c i e n t  i n  th e  l a y e r  and th e  
o x id e  l a y e r  t h i c k n e s s .
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F ig u r e  4 . l 4  S ch em atic  d e s c r i p t i o n  o f  th e  f o u r  p o s s i b l e  a r e a s
o f  s u r f a c e  c o n t r o l
r4
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Case a )  T here  i s  a  c h e m ic a l  
p o t e n t i a l  d ro p  a t  th e  s u r f a c e  
X = o c a u se d  by f a i l u r e  o f  
th e  g a s - s o l i d  i n t e r f a c e  to  
r e a c h  e q u i l i b r i u m .  The s te a d y -  
s t a t e  f l u x  i n  t h i s  c a s e  i s  
g iv e n  by:
x=o x=
CLAS "  ^ /^ 1
Case b) T here  i s  a  c h e m ic a l  
p o t e n t i a l  d ro p  a t  th e  s u r f a c e  
X = o c a u se d  by g a s  n o t  
b e in g  s u p p l i e d  t o  th e  b u lk  
s o l u t i o n  r a p i d l y  enough to  
r e p l e n i s h  t h a t  w hich i s  moving 
down th e  c h e m ic a l  p o t e n t i a l  
g r a d i e n t  to w ard s  th e  o u tp u t  
s u r f a c e .  The s t e a d y - s t a t e  
f l u x  i s  g iv e n  by :
Case c )  E q u i l i b r iu m  i s  m a in ta in e d  
a t  t h e  i n p u t  s u r f a c e  b u t  g a s  
i s  n o t  b e in g  removed r a p i d l y  
enough from  s o l u t i o n  a t  x  = 1 
r e s u l t i n g  i n  a  r e d u c t i o n  i n  th e  
c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  
s o l i d  and th u s  a  r e d u c t i o n  i n  
th e  s t e a d y - s t a t e  f l u x  which i s  
g iv e n  by :
D/IK4 )
Case d ) /
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Case d) E q u i l i b r iu m  p r e v a i l s  a t  
th e  i n p u t  s u r f a c e  b u t  gas  c a n n o t  
e v a p o r a te  r a p i d l y  enough from 
th e  o u tp u t  g a s - s o l i d  i n t e r f a c e ,  
The s t e a d y - s t a t e  f l u x  i s  g iv e n  
by :
J = J c iA s ( 1
Case e )  The o n ly  c h e m ic a l  
p o t e n t i a l  g r a d i e n t  i s  i n  th e  
b u lk  o f  t h e  s o l i d  and 
e q u i l i b r i u m  p r e v a i l s  a t  b o th  
s u r f a c e s .  The o u tp u t  s u r f a c e  
c o n c e n t r a t i o n  i s  c l o s e  t o  
z e r o .  The c l a s s i c a l  s t e a d y -  
s t a t e  f l u x  i s  g iv e n  by :
CLAS
CHAPTER 3
RESULTS
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3* R e s u l t s
T h is  c h a p t e r  p r e s e n t s  an  e v a l u a t i o n  o f  th e  p a ra m e te r s  
d e s c r i b i n g  th e  p e rm e a t io n  r a t e s  i n  n i c k e l ,  molybdenum and M^ 16 
s t a i n l e s s  s t e e l .  I t  d e t a i l s  th e  h a n d l in g  o f  th e  raw d a t a :  phase  
l a g s ,  a m p l i tu d e  a t t e n u a t i o n s  and  s t e a d y - s t a t e  p r e s s u r e  r a t i o s  
a c r o s s  th e  spec im en  and shows how t h e  i n d i v i d u a l  p a ra m e te r s  a r e  
e v a l u a t e d .  D i s c u s s i o n  of t h e s e  p a r a m e te r s  and  t h e i r  co m p ar iso n  
w i th  d a t a  from  th e  l i t e r a t u r e  i s  d e f e r r e d  t o  th e  n e x t  C h a p te r .
5 .1  N ic k e l
N ic k e l  was ch o se n  a s  a  sp ec im en  m a t e r i a l  i n  o r d e r  to  
p ro v id e  a  p r o o f  o f  th e  e x p e r im e n t a l  t e c h n iq u e  s i n c e  N ic k e l  d i f f u s i o n  
c o e f f i c i e n t s  and  s o l u b i l i t i e s  a r e  p e rh a p s  th e  b e s t  known i n  th e  
l i t e r a t u r e .  N ic k e l  a l s o  h a s  t h e  a d v a n ta g e  o f  show ing a  l a r g e  
s o l u b i l i t y  f o r  h y d ro g en  m aking m easurem en t o f  t h e  o u t p u t  p r e s s u r e  
p a r a m e te r s  r e l a t i v e l y  s i m p l e .  The t e m p e r a tu r e  ra n g e  i n v e s t i g a t e d  
f o r  t h i s  m a t e r i a l  was 620 -  976 K.
The e x p e r im e n t  was c a r r i e d  o u t  f i r s t  w i th  a  .6  t o r r  
i n p u t  p r e s s u r e ,  where r e s u l t s  were  a n a l y s a b l e  i n  te rm s  o f  th e  
c l a s s i c a l  e q u a t i o n s .  To i n v e s t i g a t e  t h e  p r e s s u r e  e f f e c t  a n o t h e r  
f r e q u e n c y  ru n  was made a t  an  i n p u t  p r e s s u r e  o f  .0 2  t o r r  a t  a l t e r n a t e  
t e m p e r a t u r e s .  A t th e  o t h e r  a l t e r n a t e  t e m p e r a t u r e s  n o t  c o v e re d  
by th e  .0 2  t o r r  i n p u t  p r e s s u r e  a  f r e q u e n c y  was p ic k e d  on th e  b a s i s  
o f  th e  .6  t o r r  r e s u l t s  which gave  a n  a p p r e c i a b l e  p h ase  l a g  a n d ,  
ru n n in g  a t  c o n s t a n t  f r e q u e n c y  m eaau rem en ts  were made a s  a  f u n c t i o n  
o f  i n p u t  p r e s s u r e .  The d i s c u s s i o n  i s ,  t h e r e f o r e ,  s e p a r a t e d  i n t o  
two p a r t s :  h ig h  in p u t  p r e s s u r e  ( 0 .6  t o r r )  and low i n p u t  p r e s s u r e
( 0 .0 2  t o r r ) .
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5 .1 .1  High i n p u t  p r e s s u r e
The 0 .6  t o r r  r e s u l t s  c o u ld  be a n a ly s e d  o v e r  t h e  f u l l  
ra n g e  o f  f r e q u e n c y  and te m p e r a tu r e  i n  te rm s  o f  th e  c l a s s i c a l  
e q u a t i o n s  ( 4 . 4 ) ,  ( 4 . 5 )  and ( 4 . 6 ) .
A t y p i c a l  ru n  a t  0 .6  t o r r  i n p u t  p r e s s u r e  c o n s i s t e d  o f  
a ro u n d  e i g h t  f r e q u e n c i e s  a t  e ac h  t e m p e r a tu r e  and a t  e ach  f r e q u e n c y  
th e  v a lu e s  o f  p^ and p^ ( t o t a l  i n p u t  and  o u tp u t  p r e s s u r e s ,  i . e .  
s t e a d y - s t a t e  and harm on ic  p a r t s )  were m easu red  a s  a  f u n c t i o n  o f  
t im e .  The r e s u l t s  were th e n  r e d u c e d  by F o u r i e r  a n a l y s i s  and s i g n a l  
a v e r a g in g  t o  y i e l d  an  a m p l i tu d e ,  p h ase  and s t e a d y - s t a t e  l e v e l  f o r  
each  o f  th e  i n p u t  and o u tp u t  waves c h a r a c t e r i s t i c  o f  e ach  f r e q u e n c y  
The s t e a d y - s t a t e  l e v e l  th r o u g h o u t  any  s e t  o f  f r e q u e n c i e s  ( i . e .  
a t  any  g iv e n  t e m p e r a t u r e )  was fo u n d  n e v e r  t o  v a r y  by more th a n  
25^. The o u tp u t  s t e a d y - s t a t e  l e v e l  was a v e r a g e d  o v e r  a l l  th e  
f r e q u e n c i e s  and d i v i d e d  by t h e  s q u a r e  r o o t  o f  th e  i n p u t  s t e a d y -  
s t a t e  l e v e l  a v e r a g e d  i n  a  s i m i l a r  way.
As n o te d  i n  S e c t i o n  4 . 2  e q u a t i o n  ( 4 . 5 ) j th e  i n p u t  and  
o u tp u t  mean v a l u e s  (p  and p * ) a r e  r e l a t e d  t o  t h e  p e r m e a b i l i t y ,
%  -  f
K* . . • ■where “j "  i s  c o n s t a n t  w i th  te m p e r a t u r e  f o r  a  g iv e n  sp e c im e n ,  so
P ' 1t h a t  a  p l o t  o f  I n  v s .  -  i s  s u f f i c i e n t  t o  i n d i c a t e  w h e th e r  
o r  n o t  th e  p e r m e a b i l i t y  b e h av e s  i n  th e  m anner p r e s c r i b e d  by th e  
A r r h e n iu s  e q u a t i o n .  F ig u r e  5 * 1 .1  shows s u c h  a p l o t  w hich  was 
f i t t e d  by l i n e a r  r e g r e s s i o n  a n a l y s i s  th e  r e s u l t  b e in g  shown a s  
a  f u l l  l i n e .  I n c l u s i o n  o f  t h e  f a c t o r  and  t r a n s f o r m i n g  th e
116
regression coefficients and standard errors* gives, for the time- 
independent indication of the permeability:
h i .s  = 4.32 X 10-8 cm L !^ to r r
where the standard error on the pre-exponential factor (P ) is  
moles Hg o
? X 10 ^m seci/torr the activation energy is  2?6 calories/
mole . The activation energy is  given in calories/mole .
The phase lag between the input and output waves was 
then calculated and plotted against the square root of frequency*
Two typical phase plots are shown in Figure 5.1 .2 . These data
were at least squares f i t  to the c lassical phase lag given by equation
(4.5) by the matrix correlation technique outlined in A.4.
The values of diffusion coefficient so obtained were drawn
on an Arrhenius plot and f i t  by linear regression analysis in the
same way as for the permeabilities to give:
D = 6 . l 6  X 10  ^ expj^- cm^/sec (5 .1 .2 )
♦The standard errors in the linear regression coefficients can 
be written in two alternative ways:
Inx = + InB+dlnB
i . e .  X = (BdbdB) exp
where dB = BdlnB ------:___(a)
or Inx = + InB ± t
i . e .  X = Be“ %xp
i .e .  dB = Be — B
— cdB = Be — B
Both equations (a) and (b) give 'similar resu lts  even up to fa ir ly  
large values oft(^5) but the form (a) has the advantage that the 
error is  quoted in a symmetric form. The form (b) suggests that 
errors are more likely  in the positive than in the negative direction.
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Figure 5*1*1 Steady-state indication of the 
permeability in 0.5 mm Nickel
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Where th e  s t a n d a r d  e r r o r  on th e  p r e - e x p o n e n t i a l  f a c t o r ,  D^, was 
2
5 X 10 cm / s e c  and t h a t  on th e  a c t i v a t i o n  e n e rg y  was 125 c a l o r i e s /
mole The a c t i v a t i o n  e n e rg y  i s  g iv e n  i n  c a l o r i e s / m o l e
The i n d i v i d u a l  d i f f u s i o n  c o e f f i c i e n t  v a lu e s  were u sed
to  c a l c u l a t e  th e  f u n c t i o n  F(cu) from  e q u a t i o n  ( 4 .5 )  f o r  each  f r e q u e n c y
P g /P
and th e  n o r m a l i s e d  o u tp u t  a m p l i tu d e s  -------  were p l o t t e d  a g a i n s t
%
t h i s  f u n c t i o n  i n  th e  manner d e s c r i b e d  i n  S e c t i o n  4 . 2 .  These p l o t s  
a r e  s e e n  t o  e x t r a p o l a t e  b e tw een  and z e r o  ( F ig u r e  5 . 1 . 5 ) .
2 / p
The i n t e r c e p t s  w i th  th e  a x i s  F(w) = -----  ( o ;=  o) a r e  th e  t im e -
/21
d e p e n d e n t  i n d i c a t i o n s  o f  th e  p e r m e a b i l i t y .  These v a lu e s  o f  
Pg /P
—- —  s h o u ld  a g a i n  show A r r h e n iu s  b e h a v io u r  w i th  te m p e r a tu r e  
%
( S e c t i o n  4 .2 )  and  th e  l o g - r e c i p r o c a l  p l o t  i s  shown i n  F ig u r e  5 . 1 . 4 . .  
These d a t a  were a g a in  f i t  by l i n e a r  r e g r e s s i o n  a n a l y s i s  t o  g iv e ,  
f o r  th e  t im e - d e p e n d e n t  i n d i c a t i o n  o f  th e  p e r m e a b i l i t y :
mole H.
» ,
where th e  s t a n d a r d  e r r o r s  on Po and  th e  a c t i v a t i o n  e n e rg y  a r e  
5 X 10 mole H^/cm sec  / t o r r  and  258  c a l o r i e s / m o l e  r e s p e c t i v e l y .
T a b le  5 * 1 .1  shows th e  m easu red  v a l u e s  o f  d i f f u s i o n  
c o e f f i c i e n t ,  D, t im e - in d e p e n d e n t  p e r m e a b i l i t y ,  ^ and  t im e -  
d e p en d e n t  p e r m e a b i l i t y ,  P^ a t  th e  m easurem ent t e m p e r a t u r e s ,  T .
The v a l u e s  c a l c u l a t e d  from e q u a t i o n s  ( 5 * 1 * 2 ) ,  ( 5 . 1 . 1 )  and  ( 5 . 1 . 5 )  
r e s p e c t i v e l y  a r e  a l s o  shown.
5*1*2 Low p r e s s u r e
The e x p e r im e n t s  c a r r i e d  o u t  u s i n g  a  0 .0 2  t o r r  i n p u t  
p r e s s u r e  showed d e v i a t i o n s  from  th e  c l a s s i c a l  b e h a v io u r  o b s e rv e d  
f o r  , th e  .6  t o r r  e x p e r im e n ts  i n  th e  p h a s e - l a g  p l o t s  o n l y .  The 
p h a s e - l a g  v s .  s q u a r e  r o o t  f r e q u e n c y  p l o t s  l a y  c o n s i s t e n t l y  above
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620K
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- 1 x 10-% /4
F ig u r e  $ . 1 . 2  T y p i c a l  f r e q u e n c y  r e s p o n s e  c u r v e s  
f o r  p h a s e - l a g s  a c r o s s  a  0 .$  ram Ni sp ec im en  w i th  
i n p u t  p r e s s u r e  o f  .6  t o r r
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F ig u r e  5 . 1 . 5  T y p i c a l  a m p l i tu d e  p l o t s  f o r  .5  mm N ic k e l  
sp ec im en  w i t h . ,6  t o r r  i n p u t  p r e s s u r e
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F ig u r e  5 .1 * 4  T im e-d ep en d en t i n d i c a t i o n  o f  t h e  
p e r m e a b i l i t y  i n  #5 mm n i c k e l  w i th  an  i n p u t  
p r e s s u r e  o f  .6  t o r r
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th e  c u r v e s  o b t a i n e d  a t  «6 t o r r  f o r  th e  same te m p e r a tu r e  (F ig u r e
5 . 1 . 7 )  b u t  a m p l i tu d e s  showed no s i g n i f i c a n t  d e v i a t i o n s  from th e  
c l a s s i c a l  s t r a i g h t  l i n e .
The v a r i a b l e  p r e s s u r e  r e s u l t s  showed phase  l a g s  which 
d e c r e a s e d  w i th  i n c r e a s i n g  p r e s s u r e  a t  c o n s t a n t  f r e q u e n c y  b u t  had 
a te n d e n c y  to  f l a t t e n  a t  p r e s s u r e s  a p p ro a c h in g  ,6  t o r r  ( F ig u r e
5 . 1 . 8 ) .  No e f f e c t  was o b s e r v a b le  i n  th e  a m p l i tu d e s  once t h e s e  
had been  c o r r e c t e d  f o r  i n p u t  a m p l i tu d e .
The v a r i a t i o n s  o f  D.C. f l u x  w i th  p r e s s u r e  fo l lo w e d  th e
c l a s s i c a l  / p  r e l a t i o n s h i p  and p * / / p  was n e v e r  a l t e r e d  by ch an g es
i n  p a t  c o n s t a n t  t e m p e r a tu r e  ( F i g u r e s  5 . 1 .5  and 5 . 1 . 6 ) .
From t h e s e  o b s e r v a t i o n s  th e  ty p e  o f  c o n t r o l  c an
1^
be d i s c a r d e d  a s  t h i s  would n e c e s s a r i l y  l e a d  t o  an  a b e r r a t i o n  o f  
th e  s t e a d y - s t a t e  p l o t s  b o th  v s .  p r e s s u r e  and  v s .  t e m p e r a t u r e .
^  IK o f  c o n t r o l  would g iv e  an  a p p a r e n t l y  c l a s s i c a l
4
p* v s .  / p ,  p l o t  b u t  th e  a p p a r e n t  p e r m e a b i l i t y  o b t a i n e d  from  s u c h  
a  p l o t  would be low and c u rv e d  i n  th e  A r r h e n iu s  p l o t  f o r  b o th  th e  
.6  and th e  .0 2  t o r r  r e s u l t s .  T h is  i s  n o t  o b s e r v e d .
T h is  l e a v e s  t r a p p i n g  and  ’ seco n d a ry *  s u r f a c e  e f f e c t s  
a s  p o s s i b l e  e x p l a n a t i o n s .  The a t t i t u d e  o f  t h i s  i n v e s t i g a t o r  to w a rd s  
t r a p p i n g  i s  t h a t ,  u n l e s s  c o n s i d e r a b l e  e v id e n c e  o f  th e  e f f e c t  can  
be s e e n ,  c h a r a c t e r i s e d  by ’p eak in g *  i n  th e  p h ase  p l o t s  ( s e e  A .3) 
th e n  t h e r e  i s  no r e a s o n  to  be i n v o lv e d  i n  th e  added  c o m p l i c a t i o n s  
t h a t  su ch  an  e f f e c t  n e c e s s a r i l y  p r o d u c e s .  No s t r o n g  e v id e n c e  o f  
such  p e a k in g  was s e e n  i n  t h i s  o r  any  o f  th e  m a t e r i a l s  i n v e s t i g a t e d  
and t h e r e f o r e  t r a p p i n g  i s  n o t  p ro p o se d  a s  an  e x p l a n a t i o n  o f  any  
o f  th e  e f f e c t s  o b s e r v e d .
The s e c o n d a ry  e f f e c t s ,  which a f f e c t  p h ase  and  a m p l i tu d e  
p l o t s  w i th o u t  i n f l u e n c i n g  th e  D .C. r e s u l t s ,  a r e  o b t a i n e d  by a s su m in g
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t h a t  and a r e  s m a l l  enough to  be u n d e t e c t a b l e .
The s e c o n d a ry  e f f e c t  w hich o c c u r s  i n  th e  i n p u t  phase  
l a g ,  \p , can  be im m e d ia te ly  d i s c a r d e d  s i n c e  i t  i n v o l v e s  th e  c o n s t a n t  
11 _
'2  1 1^ 2
T h is  l e a v e s  th e  s e c o n d a ry  e f f e c t  on th e  o u tp u t  p hase  
and a m p l i tu d e  g iv e n  by e q u a t i o n s  ( 3 . 1? )  and ( 3 . I 8 ) .
-   SÏÏ V  ^  w hich i s  n o t  p r e s s u r e  d e p en d e n t  ( s e e  S e c t i o n  4 . 3 ) .
. ÙJt a n  f  = 2K^ 0 *
V ÙJ2K’ 8 * + 1
The terra  2^ g T  s h o u ld  become l e s s  s i g n i f i c a n t  a s  e i t h e r  o r  0 ' 
i n c r e a s e s  and  0 * w i l l  i n c r e a s e  w i th  i n c r e a s i n g  p r e s s u r e  a t  c o n s t a n t  
Kg ( i . e .  c o n s t a n t  t e m p e r a t u r e ) .
i h i s  a n a l y s i s  can  be s p l i t  i n t o  two c a t e g o r i e s :  .0 2  t o r r
i n p u t  p r e s s u r e  w i th  v a r i a b l e  f r e q u e n c y ;  c o n s t a n t  f r e q u e n c y  w i th  
v a r i a b l e  i n p u t  p r e s s u r e .  S in c e  th e  i n v e s t i g a t i o n  was e x p l o r a t o r y ,  
i n t e r m e d i a t e  t e m p e r a t u r e s  were u s e d .
As m en tio n e d  p r e v i o u s l y , no n o n - c l a s s i c a l  a m p l i tu d e  o r  
s t e a d y - s t a t e  e f f e c t s  were a p p a r e n t  w i t h i n  th e  p r e s s u r e  r a n g e  
i n v e s t i g a t e d .  As an example F ig u r e  5 . 1 . 3  shows th e  v a r i a t i o n  o f  
s t e a d y - s t a t e  o u tp u t  p r e s s u r e  w i th  s t e a d y - s t a t e  i n p u t  p r e s s u r e  a t  
one t e m p e r a t u r e ,  and  i t s  b e s t  f i t  r e g r e s s i o n  l i n e  w hich  e x t r a p o l a t e s  
v e r y  c l o s e  t o  z e r o .  F ig u r e  5 . 1 .6  shows p » / / p  a t  .0 2  t o r r  com pared  
w i th  th e  b e s t  f i t  l i n e  f o r  th e  same q u a n t i t y  o b t a in e d  from  th e  
.6  t o r r  r e s u l t s .
An exam ple o f  th e  e f f e c t  o f  low p r e s s u r e  on  p h a s e - l a g  
i s  shown i n  F ig u r e  5 * 1 .7  a lo n g  w i th  th e  c o r r e s p o n d in g  c u rv e  f o r  
.6  t o r r  i n p u t  p r e s s u r e .  The c a l c u l a t e d  c u rv e  f o r  .0 2  t o r r  was
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/ p ( t o r r )
F ig u r e  5 . 1 . 5  S t e a d y - s t a t e  o u t p u t  p r e s s u r e ,  
p* ,  v s .  s q u a r e  r o o t  o f  s t e a d y - s t a t e  i n p u t  
p r e s s u r e ,  / p  a t  ?04K i n  .5  mm Ni
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F ig u r e  5 * 1 *6 The s t e a d y —s t a t e  i n d i c a t i o n  o f  
th e  p e r m e a b i l i t y  ^  f o r  an  i n p u t  p r e s s u r e
r Po f  #02 t o r r  com pared w i th  th e  r e g r e s s i o n  
l i n e  f o r  th e  c o r r e s p o n d in g  q u a n t i t y  f o r  an  
i n p u t  p r e s s u r e  o f  #6 t o r r îO # 5  mm N ic k e l  sp ec im en
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C0 2 t o r r
.6  tor
•H
• | /w /( r a d i a n s / s e c  ) x 10
F ig u r e  5 . 1 . 7  F req u e n c y  r e s p o n s e  o f  th e  "phase 
l a g  a t  83OK f o r  .0 2  t o r r  and .6  t o r r  i n p u t
p r e s s u r e
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u
/ p / t o r r
F igu re  5»1*8 E f f e c t  o f  in p u t p ressu re  on th e
phase la g  a t  a freq u en cy  o f  .1 2 5 7  r a d ia n s /s e c
and T = 9?6k
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o b ta in e d  by assum ing  th e  d i f f u s i o n  c o e f f i c i e n t  i n  th e  .6  t o r r  a n a l y s i s
and b e s t  f i t t i n g  f o r  ^^77^  i n  th e  p h a s e - l a g ;  t a n  f  •
2 2 
The r e m a in in g  c u rv e s  f o r  th e  e f f e c t  o f  i n p u t  p r e s s u r e
on p hase  a r e  i n  th e  form o f  0  vs* p r e s s u r e  c u r v e s  a t  c o n s t a n t  
f r e q u e n c y .  One exam ple o f  su ch  a c ru v e  i s  shown i n  F ig u r e  5 . 1 . 8 .
U sing  th e  v a l u e s  a t  .6  t o r r  f o r  c o m p ar iso n  th e  f o l l o w i n g  
v a lu e s  f o r  g , were o b ta i n e d ;
T a b le  5 . 1 . 2
From 0 v s .  f r e q u e n c y From 0  a t  c o n s t a n t  
f r e q u e n c y
T(°K)
2K^ e  ' T(°K) 2 K^ 0  t ( s e c )
919 2 .3 7 976 2 .3 2
830 3 .2 3 885 2 .9 6
704 3*66 771 3 .3 3
T here  seems to  be some i n c o n s i s t e n c y  a t  th e  low te m p e r a tu r e  
e n d .  I t  seems more l i k e l y  t h a t  th e  v a lu e  o f  5 .3 5  s e c  f o r  2K ^ *  
i s  i n c o r r e c t  s i n c e  i t  depends on m easurem en t a t  o n ly  one f r e q u e n c y  
and s i n c e  th e  v a lu e  a t  .03  t o r r  i n p u t  p r e s s u r e  f o r  th e  same q u a n t i t y  
was 2 .9  s e c .
5 * 1 .3  Summary
The p h a s e ,  a m p l i tu d e  and s t e a d y —s t a t e  d a t a  f o r  th e  .5  mm 
N ic k e l  sp ec im en  w i th  0 .6  t o r r  i n p u t  p r e s s u r e  were a n a l y s a b l e  
c o n s i s t e n t l y  i n  te rm s  o f  th e  c l a s s i c a l  e q u a t i o n s  y i e l d i n g  v a l u e s  
f o r  b o th  th e  p e r m e a b i l i t y  and d i f f u s i o n  c o e f f i c i e n t .
At r e d u c e d  in p u t  p r e s s u r e  ( . 0 2  t o r r )  d e v i a t i o n s  were 
o b s e rv e d  i n  th e  f r e q u e n c y  r e s p o n s e  o f  t h e  p h a s e - l a g  b u t  n o t  i n
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the am plitude or s te a d y -s ta te  data. The d e v ia tio n s  in  the phase • 
could  be exp la in ed  in  terms o f  the time taken fo r  atomic 
recom bination on the output su r fa ce  and the absence o f t h is  e f f e c t  
in  the am plitude can be seen  by p u ttin g  the la r g e s t  measured va lu es  
2"Kt0 t a lon g  w ith  the la r g e s t  frequency (0 .1 4  r a d ia n s /s e c )  
in to  the am plitude c o rr ec tio n  fa c to r .
UJ
2 K ' 8 '
= *S9 fo r  = 3 ,6 6  s e c .2 2K 'G'
+ 1 ^
This means th a t the maximum d e v ia tio n  one might expect to  see  even 
a t the h ig h e s t  freq u en c ies  and tem peratures would be 10%.
3*2 Molybdenum
Two molybdenum specim ens o f th ic k n e sse s  .3  and .23 mm 
were examined over the tem pérature -ange 1070 -  667 K. Molybdenum 
was fa r  more d i f f i c u l t  to  examine ex p er im en ta lly  than N ick e l because 
the s o lu b i l i t y /d i f f u s io n  c o e f f i c i e n t  r a t io  was such th a t phase- 
la g s  were very  sm all in  the range where the output s ig n a l  was 
s u b s ta n t ia l  thus sh orten in g  the tem perature range where reason ab le  
s e n s i t i v i t y  could  be ach iev ed .
Input pressure was n ot used as an experim ental v a r ia b le ,  
apart from a few measurements which confirm ed th a t  l i t t l e  or no 
p ressu re e f f e c t  was d is c e r n ib le ,  and a l l  runs were c a r r ied  out 
a t 1 to r r  input p ressu re , a l e v e l  req u ired  to  ensure a stron g  output 
siS^®-T over the w id est p o s s ib le  tem perature range*
3*2.1 S te a d y -s ta te  r e s u lt s
Figure 3*2.1 shows the v a lu es  o f  (ou tp u t p ressu re/
/p
square ro o t input p ressu re) as a fu n c tio n  o f  tem perature. The
I
:
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r e s u l t s  f o r  th e  t h i c k e r  sp ec im en  have been  d o u b led  so  t h a t  b o th  
s e t s  a r e  d i r e c t l y  com parab le  f o r  an  a p p a r e n t  t h i c k n e s s  o f  .023  cm.
I f  th e  s t e a d y - s t a t e  r e s u l t s  behaved  c l a s s i c a l l y  th e  l i n e s  
would c o in c id e *
The d o t t e d  l i n e  was drawn th ro u g h  th e  low te m p e ra tu re  
p o i n t s  f o r  each  spec im en  where b e h a v io u r  c o u ld  d e f i n i t e l y  be 
i d e n t i f i e d  a s  c l a s s i c a l  from th e  a m p l i tu d e  and phase  p l o t s .  The 
l i n e  was o b ta in e d  by l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  th e  f o u r  p o i n t s  
in v o lv e d  to  g i v e ,  f o r  th e  s t e a d y - s t a t e  i n d i c a t i o n  o f  th e  p e r m e a b i l i t y
j  m oles H^/cra s e c / t o r r  ( 3 - 2 .1 )= 1.31  X 10 exp
T ab le  3 .2 .1  shows th e  m easured  and c a l c u l a t e d  v a lu e s  f o r  th e  s t e a d y -  
s t a t e  i n d i c a t i o n  o f  th e  p e r m e a b i l i t y  f o r  t h e s e  f o u r  p o i n t s -
T a b le  5 .2 .1
P e r m e a b i l i t y  (m oles  H^/cm s e c / t o r r ) T*K
M easured C a l c u la t e d
3 .4 8  X 10” ^^ 3 .4 8  X 10~^2 86?
2 .8 6  X 10“*^^ 2 . 8? X 10~12 824
4 .0 0  X 10" ^ ^
4 L.
3 .9 4  X 10 713
- l 41 .3 2  X 10 1 .5 4  X 10” ^^ 667
I
fi
I
MT.'"
I n  view  o f  th e  d e v i a t i o n s  from t h i s  assumed c l a s s i c a l  
b e h a v io u r  a t  h ig h e r  t e m p e r a t u r e s ,  a n a l y s i s ,  w i th  c o n c o m i ta n t  c h o ic e  
o f  s u r f a c e  model was f i r s t  c o n c e n t r a t e d  i n  th e  s t e a d y - s t a t e  
m easu rem en ts .  The ab sen ce  o f  a  p r e s s u r e  e f f e c t  i n  molybdenum 
im m e d ia te ly  s u g g e s t s  a  ty p e  o f  c o n t r o l  i n  th e  f l u x  e q u a t i o n :
1^2
^  ^  ^CLAS
[ '  * 3 ;  •  i i j ]
The e x t e n t  o f  th e  d e v i a t i o n  r e q u i r e d  t o  b r i n g  th e  re m a in in g  
p o i n t s  i n  F ig u r e  5 - 2 .1  up t o  th e  l i n e  ch o sen  a s  th e  c l a s s i c a l  l i n e  
was c a l c u l a t e d  from  th e  f l u x  e q u a t i o n  f o r  e ach  o f  th e  c a s e s  f o r
c o n t r o l  and c o n t r o l .  At any  te m p e r a tu r e  one m igh t e x p e c t
h a l f  th e  v a lu e  o f  e i t h e r  o f  t h e s e  c o r r e c t i o n s  f o r  th e  .5  mm sp ec im en  
s i n c e  each  c o n t a i n s  a  t h i c k n e s s - d e p e n d e n t  te rm .
e . g .  f o r  c o n t r o l :  1  ^ = .025  cm; 1^ = .05  cm
f o r  .2 5  mm: J  = 1 + 2D
f o r  . 5  mm: j - J  = 3-  JcLAS
assu m in g  t h a t
1 + 2D
j
S i m i l a r  c o n d i t i o n s  h o ld  f o r  ? —  c o n t r o l  s i n c e  th e
N p
v a lu e s  o f  J  on th e  r i g h t  hand s i d e  o f  th e  f l u x  e q u a t i o n  a r e  n o t
I 2m u l t i p l i e d  by
1 . J
From t h i s  a n a l y s i s  i t  was a g a i n  fo und  t h a t  t h e  ^ —
K^P
ty p e  o f  e x p l a n a t i o n  was i n a p p r o p r i a t e  s i n c e  i t  s u g g e s te d  . te m p e r a tu r e  
v a r i a t i o n s  f o r  th e  p a ra m e te r  w hich  w ould  be f a r  from m ono ton ie  
w i th  t e m p e r a t u r e .
On t h i s  b a s i s ,  and t h a t  r e g a r d i n g  th e  a b se n c e  o f  p r e s s u r e
e f f e c t ,  c o n t r o l  was ch o se n  a s  th e  model t o  a t t e m p t  t o  d e s c r i b e
. ^ 2Dt h i s  b e h a v io u r ,  and  v a l u e s  o f  were c a l c u l a t e d  to  g iv e  z e r o
d e v i a t i o n  from th e  c l a s s i c a l  l i n e .
The v a l u e s  o f  o b t a i n e d  i n  t h i s  way a r e  shown i n
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3  mm
-W.
+î
C l a s s i c a l  l i n e
mm
5  -17.
-110
F ig u r e  3 - 2 .1  C o r r e c t e d  v a l u e s  o f  th e  
l y - s t a t e  o u tp u t  p re ss?  
and .3  mm Molybdenum
s t e a d s s u r e s  f o r  .2 3  mm
1 £ l
,23mm / p
T ab le  3 - 2 . 2 .
T a b le  3 . 2 . 2
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-3 mm Specim en -23 Specim en
1  X 1 0 -4
"  = 1% Î  X 1 0 -4 ^ -  IK^
1 2 .1339 ( 2 .7  X 10”^) 14 .9923 ( 4 . 9  X 10” ^)
11 .3 3 4 0 (0 ) 13-9860 (0 )
10 .8 9 3 2 6 .8 3 2  X 10“ ^ 13-1666 .0 7 1 0
10 .3 8 4 2 9 -3 0 4  X 10"2 12 .3762 .1902
9-8328 -1839 11 .7647 .3234
9 -3414 -2783 1 1 .1607 .3002
3 . 2 . 2  P h a se s
F i g u r e s  3 - 2 . 2  and 3 . 2 . 3  show p h ase  p l o t s  from  th e  .3  mm 
and .23  mm s p ec im e n s  r e s p e c t i v e l y .  I f  no c o g n is a n c e  i s  ta k e n  o f  
th e  ^  c o r r e c t i o n  s u g g e s te d  i n  S e c t i o n  3 - 2 .1  and th e  c u r v e s  a r e  
a n a ly s e d  i n  te rra s  o f  c l a s s i c a l  b e h a v io u r ,  t h e n  F ig u r e  3 . 2 . 4  r e s u l t s  
f o r  th e  d i f f u s i o n  c o e f f i c i e n t s  o b t a in e d  i n  t h i s  way. I t  i s  
n o t i c e a b l e  t h a t  t h e  h ig h e r  t e m p e r a t u r e  r e s u l t s  i n  b o th  c a s e s  do 
n o t  r e a c h  h ig h  enough phase  l a g s  t o  p ro d u ce  th e  l i n e a r  r e g i o n  w hich 
i s  so  u s e f u l  i n  d e te r m in in g  th e  b e h a v io u r  o f  th e  s y s te m .  T h is  
means t h a t ,  a l t h o u g h  t h e r e  i s  no d i r e c t  e v id e n c e  o f  n o n - c l a s s i c a l  
phase  b e h a v io u r  i n  t h i s  s y s te m ,  n e i t h e r  i s  t h e r e  any  e v id e n c e  o f  
c l a s s i c a l  b e h a v io u r  a t  h i g h e r  t e m p e r a t u r e s .
I f  th e  c o r r e c t i o n s  s u g g e s t e d  by th e  D .C. l e v e l s  a r e  now 
a p p l i e d  to  th e  p h ase  p l o t s  ( n e g l e c t i n g  *seco n d a ry *  e f f e c t s  a t
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ans  s e c  ^x10
2 3 40
F ig u r e  5 * 2 .2  T y p i c a l  p hase  p l o t s  f o r  th e  0 .5  mm 
Mo sp ec im en  w i th  b e s t  f i t  c l a s s i c a l  c u rv e s
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4 T = 667K
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-1 x 10
6 2
F ig u r e  5 .2 * 3  T y p i c a l  p h a se  p l o t s  f o r  th e  0 .2 3  mm 
Mo sp ec im en  w i th  b e s t  f i t  c l a s s i c a l  c u rv e s
137
th e  i n p u t  and o u tp u t  s u r f a c e s )  th e  f o l l o w i n g  e q u a t i o n s  r e s u l t  
(f> -  (p •¥ \j/
t a n  (6 -  k l - t a n h  k l+ 2a k l  t a n  k l  ta n h  k l
"" t a n  k l+ ta n h  k l+ 2 a k l
a k l  Ginh 2 k l - s i n  2k l
t a n  \1f = ______ cosh  2k l - c o s  2k l
1 4. ak l  s i n h  2 k l + s i n  2k l  
co sh  2 k l - c o s  2 k l
where a  i s  th e  c o r r e c t i o n  terra  =
2D
Note t h a t  th e  c o r r e c t i o n  i n  th e  s t e a d y - s t a t e  e q u a t i o n  i s  
d iv i d e d  i n t o  one f o r  e ach  o f  th e  o u t p u t  ( t a n  ) and i n p u t
( t a n  T/f ) c o r r e c t i o n s .
The c u r v e s  i n  w hich t h i s  c o r r e c t i o n  was s i g n i f i c a n t  
( h i g h e r  t e m p e r a t u r e s )  were r e - f i t  u s in g  th e  v a l u e s  i n  T ab le  3 . 2 . 2 .  
T here  was no i n c r e a s e  i n  th e  r e s i d u a l  sum o f  s q u a r e s  f o r  th e  f i t  
and th e  r e s u l t i n g  m o d if ie d  d i f f u s i o n  c o e f f i c i e n t s  a r e  shown i n  
F ig u r e  3 * 2 .3 .
I t  can  be s e e n  t h a t  th e  d e v i a t i o n s  s u g g e s t e d  by th e  
c u r v a t u r e  o f  th e  o r i g i n a l  A r r h e n iu s  p l o t  ( F ig u r e  3 . 2 . 4 )  have  been  
r e d u c e d  somewhat b u t  t h a t  th e  .23  and  . 3  mm s e t s  s t i l l  do n o t  m atch 
e x a c t l y .  T h is  would t e n d  t o  s u g g e s t  t h a t  s l i g h t l y  more c o r r e c t i o n  
o u g h t t o  be a p p l i e d  t o  th e  lo w e r  te m p e r a t u r e  .3  mm r e s u l t s  o r  t h a t  
s l i g h t l y  l e s s  o u g h t  t o  be a p p l i e d  t o  t h e  .2 3  mm r e s u l t s .
I n  e i t h e r  e v e n t  t h e  h ig h  t e m p e r a t u r e  p hase  p l o t s  a r e  
n o t  s u f f i c i e n t l y  s e n s i t i v e  ( low  p h a se  l a g s )  t o  u n d e r t a k e  any  more 
d e l i c a t e  o p e r a t i o n s .
Of c o u r s e ,  i t  can  f u r t h e r  be a rg u e d  t h a t  t h i s  s l i g h t  
m is -m a tch  may be due t o  s e c o n d a ry  p h ase  e f f e c t s  o r  t h a t  a  m ix tu r e  
IK^ c o n t r o l  and ^  c o n t r o l  o u g h t  t o  have b een  c o n s id e r e d  b u t ,  
a g a i n ,  t h e s e  t r e a t m e n t s  would r e q u i r e  a  p a r a m e t r i c  l e v e l  i n  th e  
a n a l y s i s  e q u a t i o n s  which f a r  o u tw e ig h s  th e  a c c u r a c y  o f  th e  d a t a
138
5 mm
25 ram
- 12 .
- 13.
F ig u r e  5 * 2 .4  D i f f u s i o n  c o e f f i c i e n t s  f o r  Mo 
s u g g e s t e d  by th e  c l a s s i c a l  a n a l y s i s
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5 mm
23 mm
- 10 .
- 12.
- 13.
-14
F ig u r e  3 - 2 . 5  Molybdenum d i f f u s i o n  c o e f f i c i e n t s
Dc o r r e c te d  fo r  c o n t r o l  a t  in p u t  and output
s u r f a c e s
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i n  t h i s  r e g i o n .
The b e s t  f i t  l e a s t - s q u a r e s  r e g r e s s i o n  l i n e  th ro u g h  th e  
d i f f u s i o n  c o e f f i c i e n t s  o f  F ig u r e  5 * 2 .5  g a v e :
D = 5 .7 6  exp c a l s / m o l e J ec (5 *2 . 2 )
w ith  a  s t a n d a r d  e r r o r  on o f  1 .9cm  / s e c  and a  s t a n d a r d  e r r o r  
o f  450  c a l s /m o le  on th e  a c t i v a t i o n  e n e r g y .
I t  s h o u ld  be n o te d  t h a t ,  i f  t h e  r e g r e s s i o n  had  b een  
c o n c e n t r a t e d  on th e  u n c o r r e c t e d  (low  te m p e r a t u r e )  v a l u e s  i n  t h i s  
d i f f u s i o n  c o e f f i c i e n t  cu rv e  t h a t  th e  a c t i v a t i o n  e n e rg y  would be 
somewhat l a r g e r  and th e  s t a n d a r d  e r r o r s  c o n s i d e r a b l y  l e s s .
T ab le  5 * 2 .3  shows th e  u n c o r r e c t e d ,  c o r r e c t e d  and 
c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s  f o r  h y d ro g en  i n  molybdenum.
T ab le  5 * 2 .3
D i f f u s i o n c o e f f i c i e n t
2
(cm / s e c )
U n c o r re c te d C o r r e c te d C a l c u l a t e d . T(°K)
1 .3 5  X 10“^ 2 . 3 8  X 10’ ^ 3*27 X 10"4 1 0 70 .5
1.11  X 10"^ 1 .8 8  X 10"4 2 .0 0  X 10” ^ 1017
8 .1 8  X 10“^ 1 .0 2  X 10“^ 1 .1 5  X 10“^ 963
5 . 9 7  X 10"5 7.21  X 10"^ 6 . 9 2  X 10"5 918
3*48 X 10"^ 3*48 X 10~5 3*64 X lOT^ 867
1 .7 5  X 10“^ 1 .7 5  X 10“^ 1 .9 9  X 10"5 824
3 .2 6  X 10“^ 7 .0 8  X 10“^ 5*29 X 10~5 896
1.91 X 10“^ 3*63 X 10"^ 2 . 8 9  X 10“^ 850
1 .5 5  X 10“^ 2 .3 3  X 10“^ 1 .5 7  X 10"5 808
7 .2 7  X 1 0 ” ^ 8 .41  X 10"^ 7*11 X 10“^ 7 5 9 .5
2 .6 6  X 10~^ 2 .6 6  X 10"^ 3*13 X  1 0 ~ ^ 715
8 . 5 4  X 10"? 8 .6 0  X 10"? 1 . 1 4  X 10” ^ 667
.5  mm 
sp ec im en
.25  mm 
sp ec im e n
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5 . 2 .3  A m p li tu d e s
F ig u r e  5 * 2 .6  shows a m p l i tu d e  p l o t  i n  th e  low te m p e ra tu re  
( c l a s s i c a l )  r e g i o n  f o r  th e  .5  mm sp e c im e n .  As can  be s e e n ,  a p a r t  
from  th e  s m a l l  b u t  c o n s i s t e n t  dov/nwsird d e v i a t i o n  t h e r e  i s  no r e a s o n  
to  su p p o se  t h a t  t h i s  r u n  showed any  d e p a r t u r e  from  c l a s s i c a l  
b e h a v io u r .
The d e v i a t i o n s  s u g g e s t e d  by th e  s t e a d y - s t a t e  r e s u l t s  
were a p p l i e d  t o  th e  n o n - c l a s s i c a l  a m p l i tu d e  p l o t s  by e v a l u a t i n g  
th e  a m p l i tu d e s  ( a g a in  a ssu m in g  no * seco n d a ry *  e f f e c t s )  w hich one 
would e x p e c t  were th e  model to  h o l d .
A p p ly in g  th e  a rg u m e n ts  o f  S e c t i o n s  4 .5  and 4 .4  f o r
c a s e  ( i i )  ( - r r^  c o n t r o l ) .
4
[ s + 2 ( a k l ) 2
c o sh  2 k l+ c o s  2 k l  
c o sh  2 k l - c o s  2 k l
B = 2 k P /  / c o s h  2 k l - c o s  2 k l
V’ • [fÜMifeSriï] •
where a  = D /IK ^ = D/IK^
N o tin g  t h a t  A^^^^ = 1 and  = 2kD / / c o s h  2 k l - c o s  2 k l
th e  c o r r e c t i o n  f a c t o r  f o r  a m p l i tu d e s  becom es:
^^^IcLAS _ s i n h  2 k l + s i n  2k l  _2 , ^ ^ . \ 2  c o sh  2k l+ c o s  2 k l
"  ^  co sh  2k l - o o s  2k l  + ^  ^2 k l )  2 (cosh  2k l - c o s  2k l)AB
No s i g n i f i c a n t l y  d e v i a n t  b e h a v io u r  was s e e n  i n  th e  .5  mm spec im en  
u n t i l  t h e  d i f f u s i o n  c o e f f i c i e n t  was so  h ig h  t h a t  th e  a m p l i tu d e  
p l o t  e s s e n t i a l l y  c o n s i s t e d  o f  th e  e x t r a p o l a t e d  v a lu e  a t  F ( u j )  =
V ^ l
b u t  a p p l i c a t i o n  o f  th e  c o r r e c t i o n  f a c t o r  p ro d u c e d  v a l u e s  o f
Phv^  p *clas
v e r y  c l o s e  t o  ------------ • T h is  i s  n o t  s u r p r i s i n g  s i n c e  th e
%  - 2 /p
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P ig u r e  ^*2«6  A m plitude  p l o t  f o r  «5 mm Mo 
sp ec im en  a t  T = 824K
145
u n c o r r e c t e d  v a lu e s  o f  a m p l i tu d e  were v e ry  c l o s e  to  p * / 2 / p  f o r  th e
u n c o r r e c t e d  s t e a d y - s t a t e  f l u x e s .
The a m p l i tu d e  c o r r e c t i o n  does n o t  c o n s i s t  e n t i r e l y  o f
m u l t i p l y i n g  a  v a lu e  o f  -------  by th e  c o r r e c t i o n  f a c t o r  s i n c e  th e
%
v a lu e s  o f  F(w) have t o  be r e - c a l c u l a t e d  f o r  th e  c o r r e c t e d  v a lu e  
o f  D o b t a i n e d  from  th e  p h ase  a n a l y s i s .  An exam ple o f  t h i s  p r o c e s s  
f o r  th e  .25  mm sp ec im en  a t  T = i s  shown i n  F ig u r e  5 . 2 . 7  and
th e  p rob lem  o f  c l o s u r e  o f  th e  p l o t  i s  h i g h l i g h t e d  h e r e .  The lo w er  
s e t  o f  p o i n t s  a r e  th e  u n c o r r e c t e d  v a l u e s  and  a l th o u g h  th e s e  a r e  
v e ry  c l o s e  t o  th e  cu = o  a x i s  t h e y  c l e a r l y  do n o t  e x t r a p o l a t e  th ro u g h  
z e ro  a t  F (a/) = o . F ig u r e  5 * 2 .8  shows a c o r r e s p o n d in g  p l o t  f o r  
T = 667  K. The s c a t t e r  i s  f a i r l y  l a r g e  h e re  b e c a u se  a t  t h e s e  low 
te m p e r a t u r e s  a m p l i tu d e s  a r e  r a t h e r  s m a l l ,  e s p e c i a l l y  a t  h ig h  
f r e q u e n c i e s .
5 . 2 .5  Summary
The m ost s t r i k i n g l y  i n c o n s i s t e n t  b e h a v io u r  o b s e r v e d  i n  
molybdenum was i n d i c a t e d  by  th e  ^  c u r v e s  where f l u x e s  t e n d e d  to/ p
be low i n  th e  .2 5  mm sp e c im e n .  The a m p l i tu d e  p l o t s  r e f l e c t e d  t h a t  
i n c o n s i s t e n c y  a l t h o u g h  i n  th e  h i g h e r  t e m p e r a tu r e  c a s e s  th e  p l o t s  
were so  c l o s e d  up to w ard  th e  c u - ^ o  end o f  th e  F(cu) s p e c t ru m  (due  
t o  th e  s i z e  o f  D) t h a t  a n a l y s i s  was r e n d e r e d  v e r y  d i f f i c u l t .  T h is  
was p a r t i c u l a r l y  so  i n  th e  c a s e  o f  th e  .5  mm sp ec im en  where  i t  
was h o t  a c t u a l l y  p o s s i b l e  t o  draw  a  m e a n in g fu l  a m p l i tu d e  p l o t  a t  
th e  h i g h e r  t e m p e r a t u r e s .  H owever, i t  was c l e a r  t h a t  t h e  d e v i a t i o n ,  
from c l a s s i c a l  b e h a v io u r  i n c r e a s e d  w i th  i n c r e a s i n g  t e m p e r a t u r e  
and t h i s  o c c u r r e d  a t  lo w er  t e m p e r a t u r e s  i n  th e  .25  mm sp e c im e n  
th a n  i n  th e  .5  mm sp ec im e n .
A s i m i l a r  s i t u a t i o n  h e l d  f o r  th e  p h ase  p l o t s  w h ich  a p p e a re d  
t o  behave ( f o r  b o th  sp e c im e n s)  c l a s s i c a l l y  a t  low t e m p e r a t u r e s  
w i th  th e  h ig h  te m p e r a tu r e  b e h a v io u r  b e in g  r a t h e r  i n c o n c l u s i v e .
l 4 4
'CLAS
CD
2/p
/21
F ig u r e  5 - 2 . 7  A m plitude  p l o t  f o r  .25  mm No 
sp ec im en  a t  T = 850 K
1^5
F(ct^) cm
/ 2 1
F igu re  5 - 2 . 8 A m plitude  p l o t  f o r  .2 5  mm H o  
a t  T = 667K
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T h is  was b e c a u se  th e  maximum o b t a i n a b l e  p h a s e - l a g  (by l i m i t a t i o n  
o f  th e  m o d u la to r )  was so  s m a l l  a s  to  p r e v e n t  th e  phase  v s .  ]/Uj 
cu rv e  r e a c h in g  th e  l i n e a r  r e g i o n  which can  be u sed  to  c h a r a c t e r i s e  
i t s  b e h a v io u r .
I n  v iew  o f  t h i s  s i t u a t i o n  i t  was c o n s id e r e d  p r u d e n t  to  
t r e a t  th e  low te m p e r a tu r e  r e s u l t s  f o r  b o th  t h i c k n e s s e s  w i th  more 
w e ig h t  th a n  th o s e  a t  h i g h e r  te m p e ra tu re s . -  By d o in g  t h i s  i t  was 
p o s s i b l e  t o  e v a l u a t e ,  w i th  a  r e a s o n a b le  d e g re e  o f  c e r t a i n t y ,  th e  
c l a s s i c a l  p e rm e a t io n  p a r a m e te r s  D, from  w hich d e v i a t i o n s  f o r  
th e  h i g h e r  t e m p e r a tu r e  r e s u l t s  c o u ld  be e l u c i d a t e d .
5*5 M316 S t a i n l e s s  S t e e l
Two s t a i n l e s s  s t e e l  sp ec im en s  o f  t h i c k n e s s e s  .2 5  mm and 
.1 mm were exam ined  o v e r  th e  te m p e r a tu r e  r a n g e  950 -  555 K. The 
.25  mm sp ec im en  was r u n  th r o u g h o u t  i t s  t e m p e r a tu r e  ra n g e  w i th  an  
i n p u t  p r e s s u r e  o f  1 t o r r .  An i n p u t  p r e s s u r e  o f  .0 5  t o r r  was u sed  
f o r  th e  .1 ram sp ec im en  a t  h i g h e r  t e m p e r a t u r e s  b u t  i t  was fo u n d  
n e c e s s a r y  to  i n c r e a s e  t h i s  p r e s s u r e  ( t o  a  maximum o f  .0 ?  t o r r )  
i n  o r d e r  t o  p ro d u ce  a  r e a s o n a b l e  s i g n a l  a t  lo w e r  t e m p e r a t u r e s .
I n  v iew  o f  th e  h i g h l y  d e v ia n t  b e h a v io u r  o f  th e  r e s u l t s  
f o r  t h i s  m a t e r i a l  i t  was d e c id e d  to  f i r s t  c o n c e n t r a t e  a n a l y s i s  on 
th e  p h ase  p l o t s  s i n c e  l i t e r a t u r e  d i f f u s i o n  c o e f f i c i e n t s  f o r  h y d ro g e n  
th ro u g h  s t a i n l e s s  s t e e l  a r e  g e n e r a l l y  i n  somewhat c l o s e r  a g re e m e n t  
th a n  th e  p e r m e a b i l i t i e s .
5 . 3*1 P h a se s
The model u s e d  h e r e  t o  d e s c r i b e  th e  d e v i a t i o n s  from  
c l a s s i c a l  b e h a v io u r  i s  t h a t  o u t l i n e d  i n  S e c t i o n  4 .5  f o r  o x id e —l i m i t e d  
p e r m e a t io n .  S in c e  th e  s o l u t i o n s  a r e  e x a c t l y  th e  same a s  f o r
K^P
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c o n t r o l  i n  b o th  th e  i n p u t  and o u tp u t  c a s e s  th e  te rm in o lo g y  u sed  
f i n i t e  s u r f a c e  r e a c t i o n  r a t e s  h a s  a l s o  been  u sed  h e re  on th e  
u n d e r s t a n d in g  t h a t  e q u a t i o n s  ( 4 .2 2 )  h o ld  f o r  th e  t r a n s f o r m a t i o n .  
F ig u r e  5* 5 .1  shows a  t y p i c a l  d e p a r t u r e  from  c l a s s i c a l  p h a s e - l a g  
b e h a v io u r  i n  s t a i n l e s s  s t e e l .  The p r i n c i p a l ,  and c o n s i s t e n t  
f e a t u r e  o f  t h e s e  d e p a r t u r e s  i s  t h a t  th e  c u r v a t u r e  o f  p h a s e - l a g  v s .  
s q u a re  r o o t  o f  f r e q u e n c y  i s  i n v e r t e d  r e l a t i v e  to  th e  c l a s s i c a l  
c a s e ,  i . e .  a s  w  i n c r e a s e s  th e  s lo p e  d e c r e a s e s  i n  a  way s i m i l a r  
t o  t h a t  c a l c u l a t e d ,  f o r  e x a m p le ,  f o r  heav y  i n p u t  c o n t r o l  ( F ig u r e  4 .5 )  
To a v o id  f i t t i n g  th e  p hase  c u r v e s  w i th  t h r e e  unknown 
p a ra m e te r s  i t  was d e c id e d  t h a t  th e  l i m i t i n g  c a s e s  o f  s u r f a c e  ( o x id e )  
c o n t r o l  would f i r s t  be i n v e s t i g a t e d  w i th  a  v iew  to  p u t t i n g  l i m i t s  
on th e  d i f f u s i o n  c o e f f i c i e n t .
F o r  t h i s  p u r p o s e ,  a s  s u g g e s te d  by th e  p h ase  p l o t s ,  a
maximum v a lu e  f o r  p h ase  l a g s  due to  th e  o x id e  i s  n o t  s o u g h t  b u t
r a t h e r  a  maximum i n v e r s i o n  o f  th e  c u r v a t u r e  o f  t h e s e  p l o t s .  I n v e r s i o n
o f  c u r v a t u r e  i s  a c h ie v e d  by a d d in g  a  c o r r e c t i o n  t o  th e  p h ase  l a g
w hich i n c r e a s e s  l e s s  r a p i d l y  w i th  f r e q u e n c y  th a n  does  th e  ' c l a s s i c a l *
p hase  l a g .  Hence low o r d e r  ( <  ) c o r r e c t i o n s  a r e  o f  i n t e r e s t .
C o r r e c t i o n s  o n ly  t a k e n  to  th e  o r d e r  have  th e  i n t e r e s t i n g
p r o p e r t y  t h a t  th e y  ' s a t u r a t e *  a t  h ig h  v a l u e s  o f  th e  c o r r e c t i o n
f a c t o r  —  o r  ~  ( s e e  f o r  exam ple e q u a t i o n  ( 4 . 2 0 ) ) .
°  °  e
F o r  i n s t a n c e ,  when ~  i s  v e r y  l a r g e  and e _ w « e
o 2 1
th e  phase  l a g  due t o  th e  i n p u t  s u r f a c e  becom es:
t a n  é  = s i n h  2k l - s i n  2k l  
s i n h  2k l + s i n  2k l
and t h e  p h a s e - l a g  i s  i n s e n s i t i v e  t o  f u r t h e r  i n c r e a s e s  i n  - 1 .
®o
I f  t h i s  s a t u r a t e d  v a lu e  i s  t a k e n  a lo n g  w i th  t h e  c l a s s i c a l  
v a lu e  f o r  t a n  p  (no o u tp u t  c o n t r o l )  i t  c an  be shown t h a t  th e  t o t a l
148
e q u a t i o n  5 »3«2 
D=4.9 4 x 1 0 -° c m 2 /s e c
e q u a t i o n  5 *3*1 
seD=9 • 76x10*"^cm2/i e q u a t i o n  5 *3*1 
'=1 • 2x 10“ ^cm ^/sec
•H
-1 xIOan s  s e c
F ig u r e  5*3*1 N o n - c l a s s i c a l  b e h a v io u r  i n  .25  mm 
s t a i n l e s s  s t e e l  sp ec im en  a t  930°K
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phase lag
tan = ta n ( 0 + !//■) = tan kl tanh kl
On the other hand i f  tan \J/ is  supposed zero (no input 
control) and tan 0 for output control to the approximation
is  taken:
tan 0 - tan kl-tanh kl+2— [tan kl tanh kl]/^)
tan kl+tanh kl+2x^ ^
K
Again, for large — th is  curve becomes:
tan 0 s= tan kl tanh kl (5-3.1)
Thus, the curve (5*3*1) represents the largest amount of inversion
of curvature which can be obtained in the phase plots with single
surface control.
The phase curves were therefore f i t te d  to both the 
function (5*3*1) and the c lass ica l function:
tan 0 = lâ  (5 .3 .2)
in order to obtain limiting values for the diffusion coefficients 
for the case of a single (unspecified) surface control. The resu lts  
of th is analysis are shown for the .25 mm specimen in Figure 5.5.2 
and Figure 5*3*1 i l lu s t ra te s  the predicted curves for the best 
f i t  * classical* and two different diffusion coefficients for 
equation (5*3*1).
The upper set of points in Figure 5*3*2 are from the 
f i t  to equation (5*3*1) and the lower set from the c lass ica l f i t .
The residual sum of squares values were always lower for the curve
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F ig u r e  5*3*2 A p p a ren t  d i f f u s i o n  c o e f f i c i e n t s  
from  th e  c l a s s i c a l  ( e q u a t i o n  (5 *3 *2 ) )  and 
s u r f a c e  s a t u r a t e d  ( e q u a t i o n  ( 5 *3 *1 ) )  a n a l y s e s  
o f  th e  p h ase  l a g  d a t a  i n  .2 5  mm s t a i n l e s s  s t e e l
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( 5 *3 *1 ) b u t  th e  f i t  was b e t t e r  from  th e  c l a s s i c a l  c u rv e  a t  h i g h e r  - 
t e m p e r a t u r e s  th a n  i t  was a t  lo w e r  t e m p e r a t u r e s .
I f  t h i s  model i s  t o  be c o r r e c t  th e n  th e  same v a lu e s  s h o u ld  
be o b t a i n a b l e  f o r  th e  .1 mm sp ec im en  by th e  same m eans. F ig u r e  
5 .3 * 5  shows th e  d i f f u s i o n  c o e f f i c i e n t s  o b t a in e d  from  th e  0 .1  mm 
sp ec im en  i n  th e  same way a s  f o r  th e  .25  mm sp ec im en  and i t  i s  o b v io u s  
( b o th  from th e  r e s i d u a l  sum o f  s q u a r e s  v a lu e s  o b t a i n e d  i n  f i t t i n g  
th e  p hase  p l o t s  and  a l s o  from a c o m p a r iso n  w i th  F ig u r e  5 -3*2) t h a t
th e  i n v e r s i o n  o f  c u r v a t u r e  o b t a i n e d  by a  s i n g l e  s u r f a c e  o x id e  c o n t r o l
i s  i n s u f f i c i e n t  t o  e x p l a i n  th e  .1 mm p h ase  p l o t s .  The s h a r p  change 
o f  g r a d i e n t  i n  F ig u r e  5*3*2 o c c u r s  a t  th e  p o i n t  where th e  i n p u t  
p r e s s u r e  was i n c r e a s e d  i n d i c a t i n g  t h a t  th e  p h ase  l a g s  a r e  s e n s i t i v e  
t o  i n p u t  p r e s s u r e .
The o n ly  way to  i n v e r t  th e  c u r v a t u r e  f u r t h e r  i s  to  
i n t r o d u c e  a  sec o n d  c o n t r o l l i n g  s u r f a c e .  T h i s  c an  be done by 
a ssu m in g  ‘s a t u r a t i o n *  a t  one o f  th e  s u r f a c e s  and  a d d in g  th e  sec o n d  
c o n t r o l l i n g  s u r f a c e  t o  a  c u rv e  o f  th e  fo rm  o f  e q u a t i o n  ( 5 *3 . 1 ) .
T h is  can  be done i n  two ways a c c o r d in g  t o  w h e th e r  th e  i n p u t  o r  
o u tp u t  s u r f a c e  i s  assum ed t o  be a t  s a t u r a t i o n .
The f u l l  e x p r e s s i o n  f o r  t h e  b u l k  d i f f u s i o n  m o d i f i c a t i o n
i s :
t a n  cb -  ^ (^ ^ ^  k l - t a n h  k l ) - ( a :+ ^ )  + (<%-g)tan k l  t a n h  k l
^  "  TCtan k l+ ta n h  k l ) + ( « - ^ ) + C a + ^ ) t a n  k l  t a n h  k l
where th e  l i m i t  e q u a t i o n  ( 5 *3 *1 ) c o r r e s p o n d s  t o  l a r g e  v a l u e s  o f  
(cx—§ )  and  n e g l i g i b l e  (#+0 ) and T • Thus 6 ^ y  :^ 0 ( s e e  e q u a t i o n
( 3 . 1 4 ) .  A p p ly in g  th e s e  c o n d i t i o n s  t o  th e  f u l l  e x p r e s s i o n  f o r  
t a n 0  a l lo w s  a  r e - g r o u p i n g  o f  te rm s  a n d ,  a g a in  n e g l e c t i n g  th e  
te rm s  h i g h e r  th a n
15:
- 12.
-13
e q u a t i o n  ( 5 . 5 . 1 )
- 16.
e q u a t i o n
( 5 . 5 . 2 )
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F ig u r e  5 .5 * 5  A p p a re n t  d i f f u s i o n  c o e f f i c i e n t s  
from  th e  c l a s s i c a l  ( e q u a t i o n  ( 5 *5 . 2 ) )  and 
s u r f a c e  s a t u r a t e d  ( e q u a t i o n  ( 5 *5 *1 ) )  a n a l y s e s  
o f  th e  p hase  l a g  d a t a  i n  .1  m m .s t a i n l e s s  s t e e l
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t a n  ^  = I l  s i n h  Z k l+ s in  2k l  
cosh  2k l+ c o s  2 k l
-J + fjL ( j j i  s i n h  2k l - s i n  2k l  
co sh  2 k l+ c o s  2k l
( 5 . 5 . 3 )
Thus u s in g ;
t a n  0 ' = t a n  ( 0  + \  ^ ) 
w i th  t a n  0  = t a n  k l  t a n h  k l  c o r r e s p o n d s  t o  o u tp u t  s a t u r a t i o n  w i th  
a d d i t i o n a l  i n p u t  e f f e c t .  T h is  p r o p o s i t i o n  l e a d s  t o  v a l u e s  f o r  
th e  d i f f u s i o n  c o e f f i c i e n t s  i n  th e  .1  mm spec im en  w hich a r e  v e r y  
s i m i l a r  t o  th o s e  o b t a in e d  i n  th e  p r e v io u s  a n a l y s i s  f o r  th e  .2 5  mm 
spec im en  w i th  a  g r e a t l y  r e d u c e d  r e s i d u a l  sum o f  s q u a r e s  i n  th e  
phase  f i t s ,  w h ereas  no n o t i c e a b l e  im provem ent i s  s e e n  i n  th e  f i t s
f o r  th e  .25  mm sp ec im en  p hase  p l o t s  and  in d e e d  th e s e  t e n d  t o  co n v erg e
on a v a lu e  o f  ►o.
®o
The c o r r e s p o n d in g  e q u a t i o n  f o r  i n p u t  s a t u r a t i o n  and p a r t i a l  
o u tp u t  c o n t r o l
i . e .  t a n  0  = £ 1^  2 k l - s i n  2k l
co sh  2k l+ c o s  2k l
2=1 r
and t a n  <p = k l - t a n h  k l+  —  [ ta n  k l  t a n h  k l]  /w
________ ______  o __________
t a n  k l+ ta n h  k l+ 2^  y/55
do n o t  co n v erg e  w e l l  on th e  p h a s e - l a g  d a t a  f o r  e i t h e r  sp e c im e n .
S u p e r i o r  f i t s  t o  th o s e  o b t a i n e d  from e q u a t i o n  ( 5 «2 . 1 ) 
were o n ly  found  a t  two t e m p e r a t u r e s  ( t h e  two h i g h e s t )  f o r  th e  .2 5  mm 
s p ec im en .  These im proved  f i t s  were o b t a in e d  by c o n s i d e r i n g  i n t e r m e d i a t e  
c a s e s  b e tw een  e q u a t i o n  (5 .5 * 1 )  and  c l a s s i c a l  u s i n g  th e  p a r t i a l  
o u tp u t  s u r f a c e  c o n t r o l  e q u a t i o n
t a n  k l - t a n h  k l+ 2~ [ t a n  k l  t a n h  k l ]  lÆ; 
t a n  0  = . o
I  r ï  T XÎ zz " ( 5 . 5 . 4 )
t a n  k l+ ta n h  k l+ 2“~"iÆJ
Xo
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T ab le  ( 5 * 5 .1 )  shows th e  r e s u l t s  o f  t h e s e  a n a l y s e s ,  the
' b e s t '  v a lu e s  o f  d i f f u s i o n  c o e f f i c i e n t  b e in g  th o s e  f u r t h e r  to  th e
r i g h t  o f  th e  T a b le .  The colum ns were l e f t  b la n k  when no improvement
o r  a  d e t e r i o r a t i o n  was o b s e rv e d  i n  th e  r e s i d u a l  sura o f  s q u a r e s  f o r
th e  c o r r e l a t i o n  a s  th e  c o m p le x i ty  o f  th e  model was i n c r e a s e d .
The num bers i n  b r a c k e t s  a f t e r  each  f i n a l  d i f f u s i o n
c o e f f i c i e n t  i n d i c a t e  th e  a p p a r e n t  r a t i o  o f  -=r-^—  ( o b t a i n e d  from
■ CLAS
-  o r  - - )  f o r  th e  ty p e  o f  c o n t r o l  a ssum ed . Note t h a t  o n ly  th e  
=o
two to p  t e m p e r a t u r e s  f o r  th e  .2 5  mm spec im en  g iv e  v a lu e s  f o r  t h i s  
r a t i o ,  th e  f a i l u r e  i n  th e  r e s t  o f  th e  c a s e s  b e in g  due to  s a t u r a t i o n .  
The ( J / v a l u e s  f o r  th e  .1 mm sp ec im en  do n o t  t a k e  th e  
f l u x  v a lu e  to  th e  c l a s s i c a l  f l u x  b u t  m e re ly  t o  th e  v a lu e  c o r r e s p o n d in g  
to  o u tp u t  s a t u r a t i o n  i n  th e  p h a s e .
The d i f f u s i o n  c o e f f i c i e n t s  which r e p r e s e n t  t h e  b e s t  f i t  
from th e  p hase  a n a l y s i s  a r e  shown i n  F ig u r e  5 * 5 .4  and good c o n s i s t e n c y  
(A r r h e n iu s  b e h a v io u r )  i s  o b t a in e d  down to  a b o u t  650°K. The r e s u l t s  
below  t h i s  t e m p e r a tu r e  may n o t  be a c c u r a t e  enough f o r  a  two p a ra m e te r  
a n a l y s i s  s i n c e  t h e r e  i s  some i n c r e a s e  i n  th e  s c a t t e r  on th e  p h ase  
p l o t s  a t  t h e s e  t e m p e r a t u r e s .  T h i s  i n c o n s i s t e n c y  i s  a l s o  r e f l e c t e d  
i n  th e  l o s s  o f  th e  t r e n d  i n  ( J / ^ a t  t h e s e  lo w er  t e m p e r a t u r e s .
5 * 5 .2  S t e a d y - s t a t e  r e s u l t s
The v a l u e s  o f  ^  a r e  shown i n  F ig u r e  5*5 .5*  The m ost 
o b v io u s  p o i n t  a b o u t  t h i s  p l o t  i s  t h a t  t h i s  r a t i o  f o r  t h e  t h i n  
spec im en  i s  l e s s  th a n  t h a t  f o r  th e  t h i c k  o n e ,  w h ereas  i n  f a c t  
i t  s h o u ld  be 2 .5  t im e s  a s  much were b o th  sy s te m s  c l a s s i c a l .  T h is  
i s  h a r d l y  s u r p r i s i n g  s i n c e  f o r  a  n o n - c l a s s i c a l  s i t u a t i o n  a s  i s  
o b v io u s ly  th e  c a s e  h e r e  from th e  p h ase  p l o t s  one would e x p e c t  a  
f a i l u r e  o f  b o th  th e  c l a s s i c a l  t h i c k n e s s  and p r e s s u r e  r e l a t i o n s  
to  g iv e ;
1')6
- 12.
- 13.
25 mm spec im en
sp ec im en
-16
-171
F ig u r e  5*3*^ F i n a l  c o r r e c t e d  b e s t  D’s  f o r  
.1 mm and .25  mm sp ec im en s
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^  = JCLAS V ' - P
F ig u r e  5*3»5 s-lso shows th e  r e s u l t  o f  a p p ly in g  th e  a p p a r e n t  v a lu e
o f  — ' deduced  from th e  p hase  a n a l y s i s .  I t  sh o u ld  a g a in  be
CLAS
s t r e s s e d  t h a t  t h i s  a p p a r e n t  v a lu e  i s  o n ly  i n t e n d e d  to  c o r r e c t  f o r
non—c l a s s i c a l  b e h a v io u r  a t  th e  i n p u t  s u r f a c e ,  b r i n g i n g  f l u x  v a lu e s
up to  t h a t  l e v e l  e x p e c te d  f o r  o u tp u t  s u r f a c e  s a t u r a t i o n .  S in c e
th e  phase  a n a l y s i s  i n d i c a t e s  o u tp u t  s a t u r a t i o n  f o r  th e  .23  ram
sp ec im en ,  a p p l i c a t i o n  o f  (-= ) t o  th e  .1  mm spec im en  s h o u ld
CLAS
cau se  t h e s e  two l i n e s  to  c o i n c i d e .  A c e r t a i n  im provem ent i s
o b s e r v e d ,  b u t  i t  i s  im p o r ta n t  t o  be c l e a r  t h a t  th e  s e p a r a t i o n
i n t o  i n p u t  and o u tp u t  c o n t r o l  ( a s  was s u f f i c i e n t  f o r  th e  phase
a n a l y s i s )  when b o th  s u r f a c e s  may be c a u s in g  s u b s t a n t i a l  h o ld u p
i s  e n t i r e l y  a r t i f i c i a l  p a r t i c u l a r l y  when th e  s a t u r a t i o n  e f f e c t s
(w hich  im p ly  t h a t  ^  ^ ►I and h en ce  J —►o) occur*
To i n v e s t i g a t e  th e  e x t e n t  o f  t h i s  n o n - c l a s s i c a l  b e h a v io u r
th e  p l o t  i n  F ig u r e  3*3*^ was drawn where th e  v a l u e s  f o r  b o th
sp ec im en s  a r e  shown. The v a l u e s  f o r  t h e  .1  mm sp ec im en  have a l s o
been  m u l t i p l i e d  by '^25 mm a l lo w  f o r  t h e  c l a s s i c a l  t h i c k n e s s
r e l a t i o n *  These r e s u l t s  now l i e  r e m a rk a b ly  c l o s e  t o  e ac h  o th e r*
T h is  i s  r a t h e r  s u r p r i s i n g  s i n c e  one would e x p e c t  e i t h e r  a f a i l u r e
o f  th e  y -  r e l a t i o n  o r  th e  / p  r e l a t i o n  and  a  t r a n s f e r  from  /p
to  J  o< p must im p ly  a l o s s  o f  s e n s i t i v i t y  to  t h i c k n e s s *  T hus ,
a s  was p ro p o se d  f o r  th e  p h ase  p l o t s  some ty p e  o f  i n t e r m e d i a t e  c o n t r o l  
c o u ld  be o p e r a t i v e *
I t  can  be s e e n  from C h a p te r  4 ,  F i g u r e s  4*3 and 4 .8  t h a t  
f o r  a  ty p e  o f  c o n t r o l ,  when , o u t p u t  e f f e c t s  a r e
s e e n  b e f o r e  i n p u t  e f f e c t s  b u t  when becomes a p p r e c i a b l e  mixedP
c o n t r o l  t a k e s  over*  The —  v a lu e s  i n d i c a t e d  by th e  p h ase  p l o t s
CLAS
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-13
CLAS1 rnm sp ec im en  x
•  +
25 mm sp ec im en-p
- 16.
- 17.
mm sp ec im en
- 18.
-2a
F ig u r e  5 .5 * 5  S t e a d y - s t a t e  l e v e l s  f o r  .25  mm 
and .1 ram s t a i n l e s s  s t e e l  sp ec im en s  c o r r e c t e d  
f o r  / p  ( i n p u t  p r e s s u r e )
15^ 9
-13
25 mm spec im en
- 15.
fH
mm sp ec im en
25 ram- 18.
-28
F ig u r e  5 -3 * ^  S t e a d y - s t a t e  l e v e l s  from b o th  
s t a i n l e s s  s t e e l  sp ec im e n s  c o r r e c t e d  f o r  i n p u t  
p r e s s u r e  and f o r  t h i c k n e s s
i 6 o
J
s u g g e s t  v a lu e s  o f  where b o th  i n p u t  and o u tp u t  c o n t r o l  a r e  
o p e r a t i v e .
When s t e a d y - s t a t e  l e v e l s  and a m p l i tu d e s  a r e  c o n s id e r e d ,
e f f e c t s  su ch  a s  ’ s a t u r a t i o n ’ a t  e i t h e r  o f  th e  s u r f a c e s  w i th  th e
c o n se q u e n t  i m p l i c a t i o n  t h a t  J  = o a r e  no l o n g e r  m e a n in g fu l .
The l i m i t i n g  c a se  f o r  h e a v i l y  o x i d e - l i m i t e d  p e rm e a t io n  i n  th e
s t e a d y - s t a t e  i s  g iv e n  by ——  -----►o,
CLAS
i . e .  J  _ P ( 5 . 3 . 5 )
1 1
and J  becomes p r o p o r t i o n a l  t o  p f o r  s e v e r e  a t t e n u a t i o n  o f  th e  s t e a d y -  
s t a t e  f l u x .  T h is  l i m i t  can  o n ly  be su p p o sed  to  have b e en  r e a c h e d  
^  g ra p h s  c o in c i d e  f o r  b o th  s p e c im e n s ,  u n l e s s  th e  o x id e  
t h i c k n e s s e s  a r e  d i f f e r e n t  on e ac h  spec im en  i n  a p p r o x im a te ly  th e  
r a t i o  2 .5 :1  ( s e e  f o r e g o in g  on t h i c k n e s s  r e l a t i o n )  th e  t h i c k e r  o x id e  
b e in g  on th e  .2 5  mm sp e c im e n .  T h is  would be c o n s i s t e n t  w i th  
o b s e r v a t i o n  s i n c e  th e  ro u g h ly  l i n e a r  r e g i o n  a t  low te m p e r a tu r e  
f o r  b o th  s p ec im en s  h a s  v i r t u a l l y  t h e  same s lo p e  ( F ig u r e  5 . 3 . 6 ) .
The s t e a d y - s t a t e  p r e s s u r e  d a t a  r e l e v a n t  t o  F i g u r e s  5 . 3 . 5  
and 5 . 3 .6  a r e  sum m arised  i n  T a b le  5 . 3 . 2 .
5 . 3 .5  A m p li tu d e s
A c co rd in g  to  th e  r e s u l t s  from th e  p h ase  p l o t s  two o f  
th e  a m p l i tu d e s  from th e  0 .2 5  mm sp ec im en  s h o u ld  be a n a l y s a b l e  i n
Xi
i n  te rm s  o f  th e  —  model ( i . e .  p a r t i a l  c o n t r o l  a t  th e  o u t p u t  s u r f a c e )
o
These  ( .2 5  ram) a m p l i tu d e  p l o t s  show t h a t  c o n t r o l  i s  
c e r t a i n l y  o f  ty p e  s i n c e  th e  e x t r a p o l a t e d  v a lu e  o f  th e  a m p l i tu d e  
( a s  w— o) l i e s  be tw een  ^  and  ( S e c t i o n  4 . 3 ) .  E x t r a p o l a t i o n  
i s ,  how ever, a  l i t t l e  d u b io u s  b e c a u s e  o f  th e  u n c e r t a i n t y  i n  D and 
b eca u se  o f  th e  s t e e p n e s s  o f  t h e  c u r v e .  The ty p e  o f  c o n t r o l ,  w h e th e r
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i n p u t ,  o u tp u t  o r  mixed i s  a l s o  u n c e r t a i n  s i n c e  b o th  would g iv e  
su ch  an  e f f e c t  b u t  i t  can  be s e e n  from C h a p te r  4 t h a t  a m p l i tu d e s  
s t a y  to w ard s  th e  c l a s s i c a l  e x t r a p o l a t e d  v a lu e  f o r  much lo n g e r  i n  
t h e  c a s e  o f  i n p u t  c o n t r o l  t h a n  i n  th e  c a s e  o f  o u tp u t  c o n t r o l .
I f  th e  two h i g h e s t  t e m p e r a tu r e  o u tp u t  a m p l i tu d e  p l o t s  
a r e  c o n s id e r e d  to  be o f  pu re  o u tp u t  c o n t r o l  th e  f o l l o w i n g  
l i n e a r i s a t i o n  p ro c e d u re  can  be f o l l o w e d .  I n  th e  model u se d  to  
i n t e r p r e t  th e  p h a se  p l o t s  f o r  t h e s e  two t e m p e r a t u r e s ,  t h e  a t t e n u a t i o n  
i n  a m p l i tu d e  due t o  th e  b u lk  o f  th e  s o l i d :
3 _ 2 k D /(c o sh  2k l - c o s  2 k l ) ^  ______________________________
\ L  , 2k l + s i n  2 k l \  + 2/^1  \ ^ . /cosh 2 k l+ c o s  2k l \
T Xq \c o sh  2k l - c o s  2 k l /  \ x ^ /  \^osh 2k l - c o s  2 k l /
i . e .  , 2
®=®CLAS [ s i n h  2 k l + s i n  2k l l  2 / ^ 1 % /c o s h  2 k l+ c o s  2k l \ ) ^
( Xq [co sh  2k l - c o s  2k lJ  \ x ^ j  \^cosh 2k l - c o s  2k l j j
I f  a  s t r a i g h t  l i n e  i s  drawn th r o u g h  th e  a m p l i tu d e  c l o s e s t  t o  uj = o  
and th ro u g h  o a t  F(cu) = o , th e  v a lu e  o f  ^  f o r  th e  r e m a in in g  
v a l u e s  o f  a m p l i tu d e  can  be c a l c u l a t e d  from  t h e i r  d e v i a t i o n s  from
X
t h i s  l i n e .  These v a l u e s  o f  —  c an  be a v e r a g e d  and th e n  a p p l i e d
o
to  th e  a;— o a m p l i tu d e  t o  r a i s e  i t  u p .  A new s t r a i g h t  l i n e  th ro u g h
o a t  F(w) = o i s  now drawn and  th e  p r o c e s s  r e p e a t e d  u n t i l  t h e r e
i s  no f u r t h e r  c h a n g e .  The 995K a m p l i tu d e s  g iv e  —  = 1 2 . 7 6 ;
i . e .  = .1 5 9  ( .1 4 4 )  and  t h e  950K a m p l i tu d e s  g iv e  ^  = 1 1 . 7 8 ;
I . e .  = .195  ( . 158 ) .  The c o n s i s t e n c y  h e r e  b e tw een  th e
a m p l i tu d e  and p h ase  ( b r a c k e t e d )  r e s u l t s  f o r  J / J  l e d  t o  th e
CLAS
a t t e m p t  t o  a p p ly  t h i s  t e c h n iq u e  t o  lo w e r  t e m p e r a t u r e s  b u t  t h i s
d id  n o t  work p e rh a p s  p a r t l y  due t o  u n c e r t a i n t i e s  i n  D and  p a r t l y
due to  l o s s  o f  a p p l i c a b i l i t y ,  where th e  i n p u t  s u r f a c e  c o n t r o l  can  
no lo n g e r  be i g n o r e d .
The same p ro c e d u re  was t r i e d  f o r  mixed c o n t r o l  i n  o r d e r
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to attempt to widen the range of applicability  of th is  technique. 
To avoid introducing a further variable i t  was supposed that
=  ü f i  t h a t :
K,P
2 /^D
and — =
K,P
?5  - [ 4 ]  [ '■ 4 .K
2 iéD
and applying these to the attenuation factors A and B, values
of could be obtained for the 995K and 950K amplitudes in the 
1 ^
.25 mm specimen. Unfortunately, the range of app licab ility  was
not extended, the linearisa tion  procedure tending to seek the
Jmaximum value of 0.5 for
K,P' Figures 5.5*7 and 5*5*8 i l lu s t ra te
Jth is procedure for the successful casesi The values of -z
CLAS
obtained from these three procedures (output control with phases, 
output control with amplitudes, output and input control with 
amplitudes) are shown in Table 5*5*5*
Table 5*5*3
R a t i o  o f  m easu red  t o  p r e d i c t e d  c l a s s i c a l  f l u x  
i n  .25 mm s t a i n l e s s  s t e e l
'^/'^CLAS
T(°K)
P h a s e s  
( o u t p u t  c o n t r o l )
A m p l i tu d e s  
( o u t p u t  c o n t r o l )
A m p l i tu d e s  
(mixed  c o n t r o l )
995 .144 *159 .212
950 .158 *195 .226
i 6 4
Ko
I
X
r)cy
U
U
O
-P
a”
I f
8 
7 
6 
S 
4 
3 
2 
I
0 k
l i n e a r i s e d  
'^'^'^CLAS “  " 2 1 2
X
/ ♦
A
U nm odif ied  «*
J 1----------1----------1----------L
0
J L
> •
J----------L
F(w) cm
18
- 1
27
1
/2 1
F i g u r e  5 * 5 .7  L i n e a r i s a t i o n  o f  t h e  o u t p u t  
p r e s s u r e  a m p l i t u d e  i n  .25  mm s t a i n l e s s  s t e e l  
a t  995K u s i n g  mixed i n p u t  and o u t p u t  c o n t r o l
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F(w) cm-1
27
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F i g u r e  5 * 5 . 8  L i n e a r i s a t i o n  o f  t h e  o u t p u t  
p r e s s u r e  a m p l i t u d e  i n  .2 5  mm s t a i n l e s s  s t e e l  
a t  950K u s i n g  mixed i n p u t  and  o u t p u t  c o n t r o l
i66
The #1 nun a m p l i t u d e s  were n o t  t r a c t a b l e  u s i n g  t h i s  
t e c h n i q u e  and i t  a p p e a r s  t h a t  t h e r e  i s  a g re em e n t  be tween  th e  
phase  and a m p l i t u d e  r e s u l t s  t o  th e  e x t e n t  t h a t  when s a t u r a t i o n  
o c c u r s  t h e  a m p l i t u d e  d e c r e a s e  w i th  i n c r e a s i n g  f r e q u e n c y  i s  so 
s e v e r e  a s  t o  r e n d e r  t r e a t m e n t  by l i n e a r i s a t i o n  v e r y  d i f f i c u l t .
There  i s  a l s o  t h e  p o s s i b i l i t y  t h a t  some ty p e  o f  r a t e —c o n t r o l l i n g  
mechanism n o t  c o v e r e d  by t h e  model ( p e r h a p s  p e n e t r a t i o n  a lo n g  
d e f e c t s  i n  t h e  o x id e  l a y e r )  becomes o p e r a t i v e .
5*3*4 Summary
S t a i n l e s s  s t e e l  was more d i f f i c u l t  t o  a n a l y s e  t h a n  e i t h e r  
molybdenum o r  n i c k e l ,  s i n c e  t h e r e  was i n  t h i s  c a s e  no d i r e c t  
i n d i c a t i o n  o f  e i t h e r  t h e  d i f f u s i v i t y  o r  t h e  p e r m e a b i l i t y  and i t  
was o n l y  p o s s i b l e  t o  o b t a i n  t h e s e  p a r a m e t e r s  (and  t h e n ,  o n ly  i n  
p a r t i c u l a r  c a s e s )  by assum ing  an  o x i d e - l i m i t e d  model f o r  t h e  p e rm ea t io i  
p r o c e s s .
The model  sup p o sed  h e r e  was t h e  one o u t l i n e d  i n  S e c t i o n  4 
where h y d ro g en  i s  assumed t o  d i s s o l v e  m o l e c u l a r l y  i n  an  o x id e  
l a y e r  w i t h  c l o s e  t o  e q u i l i b r i u m  c o n d i t i o n s  a p p l y i n g  a t  a l l  t h e  
i n t e r f a c e ' s  so  t h a t  t h e  p rob lem  c o u l d  be t r e a t e d  a s  d i f f u s i o n  th r o u g h  
a  c o m p o s i t e  medium.
U n f o r t u n a t e l y ,  i t  a p p e a r s  t h a t  b o t h  s u r f a c e s  were o x i d i s e d  
and r a t e - c o n t r o l l i n g  b u t  a  c e r t a i n  amount o f  i n f o r m a t i o n  c o u ld  
be g l e a n e d  from t h e  r e s u l t s  a ssum ing  o n ly  one s u r f a c e  t o  c o n t r o l .
V a lu e s  w e r e , o b t a i n e d  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  
a l l  c a s e s  a l t h o u g h  t h e  lo w e r  t e m p e r a t u r e  r e s u l t s  f o r  t h e  .1  ram 
spec im en  were l e s s  c e r t a i n .
The p e r m e a b i l i t y  was o b t a i n e d  o n ly  f o r  t h e  two h i g h e s t  
t e m p e r a t u r e  r u n s  i n  th e  .25  mm spec im en  b u t  a m easu re  o f  t h e  o x id e
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p e r m e a b il i ty /th ic k n e s s  r a t io  could be deduced from the remaining  
r e s u l t s  and t h i s  w i l l  be d isc u sse d  in  Chapter 6 .
5 . 4  G e n e r a l  Summary
This Chapter has been concerned with the a n a ly s is  o f  
the experim ental r e s u l t s  by the methods presented  in  Chapter 4 .  
D if fu s io n  phase boundary p ro c e sse s  have been deduced assuming 
the model fo r  phase boundary c o n tr o l  proposed in  Chapter 3-
Chapter 6 w i l l  go on to  compare these  measured parameters 
with a v a i la b le  l i t e r a t u r e  data and the technique w i l l  be d iscu ssed  
c r i t i c a l l y  with a view to  improvements which could be made to  
y ie ld  fu rth er  in form ation  about permeation p r o c e s se s .
CHAPTER 6
DISCUSSION
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6 .1  I n t r o d u c t i o n
T h i s  c h a p t e r  i s  m a in ly  c o n ce rn e d  w i t h  t h e  com par ison
o f  m easured  d a t a  w i t h  t h a t  m easured  by o t h e r  t e c h n i q u e s  a v a i l a b l e
i n  t h e  l i t e r a t u r e .  T h i s  c o m p ar i so n  i s  c o n f i n e d  t o  d i f f u s i o n
c o e f f i c i e n t s ,  p e r m e a b i l i t i e s  and s o l u b i l i t i e s .  S o l u b i l i t y  i s
d e r i v e d  from th e  d i f f u s i v i t y  and p e r m e a b i l i t y  by t h e  r e l a t i o n
K = P-,/D. Care  h a s  been  t a k e n  where p o s s i b l e  t o  i n v o l v e  sm h
s o l u b i l i t i e s  which have  been  d e r i v e d  u s i n g  t e c h n i q u e s  o t h e r  t h a n  
p e r m e a t i o n  ( n o r m a l l y  e q u i l i b r a t i o n  e x p e r i m e n t s ) .  E ve ry  e f f o r t  
has  b e en  made t o  i n c l u d e  a s  many a u t h o r s  a s  p o s s i b l e  a n d ,  more 
i m p o r t a n t l y ,  t o  i n c l u d e  th e  r e s u l t s  o f  a s  many m easurement  t e c h n i q u e s  
a s  p o s s i b l e .  However,  where a  g r e a t  d e a l  o f  d a t a  e x i s t  ( p a r t i c u l a r l y  
t r u e  f o r  n i c k e l  and  s t a i n l e s s  s t e e l )  r e p r e s e n t a t i v e  r e s u l t s  have 
been  c h o se n  f o r  c l a r i t y .
The v a l u e s  o f  t h e  n o n - c l a s s i c a l  p e r m e a t i o n  p a r a m e t e r s  
d e r i v e d  i n  C h a p t e r  5 a r e  d i s c u s s e d  i n  t e rm s  o f  t h e i r  i m p l i c a t i o n s  
on t h e  p e r m e a t i o n  p r o c e s s  and  w i t h  a  v iew t o  im p r o v in g  t h e  t e c h n i q u e  
t o  a l l o w  more a c c u r a t e  d e t e r m i n a t i o n  o f  b o t h  t h e i r  m agn i tude  and 
t h e i r  r o l e .
6 .2  N i c k e l  '
The p e r m e a b i l i t y  o f  h y d ro g e n  th r o u g h  n i c k e l  h a s  b e e n  
t h o r o u g h l y  i n v e s t i g a t e d  by many a u t h o r s .  The d a t a  show a  h i g h  
d e g re e  o f  c o n s i s t e n c y .
I t  i s  n o t  i n t e n d e d  h e r e  t o  p r e s e n t  an  e x h a u s t i v e  s u r v e y  
a s  t h i s  would i n v o l v e  t h e  work o f  a t  l e a s t  50  i n v e s t i g a t o r s .
I n s t e a d ,  t h e  r e s u l t s  o f  two r e v i e w s  which s u p p l y  ' b e s t  f i t '  summaries  
o f  t h e  a v a i l a b l e  d a t a  have  b e en  u s e d .  Use h a s  b een  made o f  some
169
i n d i v i d u a l  work i n  o r d e r  t o  i l l u s t r a t e  th e  e f f e c t  o f  t e c h n i q u e  
and t o  i n d i c a t e  t h e  d e g re e  o f  s c a t t e r  o f  t h e  d a ta#
F i g u r e  6 . 2 . 1  shows th e  d i f f u s i o n  c o e f f i c i e n t s  from a 
v a r i e t y  o f  i n v e s t i g a t i o n s ( 31- 3 6 ) i n c l u d i n g  t h o s e  o b t a i n e d  by th e  
c l a s s i c a l  a n a l y s i s  from t h e  0 , 6  t o r r  phase  p l o t s  and  t h e i r  b e s t  
f i t  r e g r e s s i o n  l i n e  e q u a t i o n  ( 3 * 1 . 2 ) .  The b e s t  f i t  l i n e s  from 
Vogel and A l e f e l d ' 5 ( 3 6 ) v e r y  co m p reh en s iv e  r e v i e w  a r e  a l s o  shown 
i n  t h i s  p l o t  and  t h e  d i s c o n t i n u i t y  a t  t h e  C u r ie  T e m p e ra tu re  
(T = 638K) i s  b a s e d  on t h e  e v id e n c e  o f  one a u t h o r ( 3 7 )  who d i s c o v e r e d  
a  s m a l l  change i n  d i f f u s i o n  c o e f f i c i e n t  a t  t h i s  t e m p e r a t u r e .
N e i t h e r  t h i s  work n o r  t h e  work o f  R o b e r t s o n ( 1 1 ) (who was a c t u a l l y  
l o o k i n g  f o r  a g r a i n - b o u n d a r y  e f f e c t )  s u g g e s t  any  change i n  t h e  
d i f f u s i o n  c o e f f i c i e n t  a t  t h e  C u r i e  T e m p e r a t u r e .  The b e s t  f i t  
l i n e  o f  R o b e r t s o n ' s  r e v i e w  i s  n o t  shown on t h i s  p l o t  s i n c e  i t  
i s  h a r d l y  d i s t i n g u i s h a b l e  from t h e  l i n e  o f  Vogel and  A l e f e l d  no r  
i n d e e d  from t h e  r e g r e s s i o n  l i n e  f o r  t h e  p r e s e n t  work .
L o u th an  jet ^ . ( 3 8 ) have  made t h e  p o i n t  t h a t  m easu rem en ts  
o f  D b a s e d  on e v o l u t i o n  r a t e s  t e n d  t o  be l a r g e r  t h a n  t h o s e  b a se d  
on p e r m e a t i o n  r a t e  o f  r i s e .  T h i s  i s  c o n f i r m e d  by t h e  d a t a  shown 
i n  F i g u r e  6 . 2 . 1  where  t h e  m easu rem en ts  o f  K a tz  ejb ^ . ( 3 1 ) »  Dus 
and  S m ia lo w s k i (3 3 )  and E i c h e n a u e r  £ t  a ^ . ( 3 4 )  a r e  b a s e d  on m easu rem en ts  
o f  e v o l u t i o n  r a t e s .  The m easu rem en ts  o f  E b i s u z a k i  e t  a l . (3 3 )  
a r e  b a s e d  on p e r m e a t i o n  r i s e  t i m e .  I n  o r d e r  t o  t e s t  t h i s  h y p o t h e s i s  
f u r t h e r  T ab le  6 . 2 . 1  was c o n s t r u c t e d  from t h e  c o m p i l a t i o n  o f  
R o b e r t s o n ( l 1 ) ,  where th e  t e m p e r a t u r e s  f o r  e v a l u a t i o n  o f  t h e  
d i f f u s i o n  c o e f f i c i e n t s  have  b een  c h o se n  t o  i n c l u d e  t h e  r a n g e s  
o f  a s  many i n v e s t i g a t o r s  a s  p o s s i b l e .
To a v o i d  r e p e t i t i o n  o f  t h e  r e f e r e n c i n g  and s i n c e  t h e  
d a t a  a r e  n o t  t o  be u s e d  s e p a r a t e l y  t h e  o r d e r  o f  R o b e r t s o n ' s  o r i g i n a l
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T a b le  6 . 2 , 1  The e f f e c t  o f  e x p e r i m e n t a l  t e c h n i q u e  on 
t h e - d i f f u s i o n  c o e f f i c i e n t  o f  h y d rogen  i n  n i c k e l
T echn ique
D(573K)
2  6 cm / s e c  xIO”
B(673K) 
cm ^/sec  xIO”
D(773K)
2 6 cm / s e c  xIO”
E v o l u t i o n ( . 9 6 ) ( 2 . 9 9 ) ( 6 . 9 3 )
E v o l u t i o n ( 2 . 3 6 ) 7 .2 5 1 6 .6 5
E v o l u t i o n ( 1 . 2 9 ) 4 .7 0 1 2 .2 2
E v o l u t i o n 1 .4 8 5 .5 3 ( 1 4 . 7 2 )
E v o l u t i o n ( 2 . 6 2 ) 7 .8 5 1 7 .7 0
E v o l u t i o n ( 2 . 18 ) ( 6 . 9 7 ) ( 1 6 . 5 2 )
E v o l u t i o n ( 1 . 6 9 ) 5 .8 0 1 4 .4 4
P e r m e a t i o n 1 .0 7 3 .7 9 ( 9 . 6 5 )
E v o l u t i o n ( 2 . 13 ) 6 .6 2 15 .5 9
P e r m e a t i o n ( . 2 8 ) ( . 7 1 ) ( 1 . 4 5 )
P e r m e a t i o n 1 .4 8 ( 5 . 3 2 ) ( 1 5 . 7 2 )
P e r m e a t i o n 1 .1 5 ( 4 . 0 4 ) ( 1 0 . 2 3 )
P e r m e a t i o n ( 1 . 6 9 ) 5 . 4 0 1 2 .7 8  -
E v o l u t i o n 1 .0 3 3 . 6 4 9 .2 8
A b s o r p t i o n 2 .0 5 6 .5 9 1 5 .7 0
E v o l u t i o n ( 5 . 8 3 ) ( 1 5 . 7 5 ) ( 5 2 . 9 2 )
E v o l u t i o n ( 1 . 7 7 ) 6 .0 6 1 5 .0 9
P e r m e a t i o n ( 1 . 2 3 ) 4 .3 5 1 1 .1 0
R e s i s t i v i t y ( . 4 8 ) ( 1 . 8 1 ) ( 4 . 8 1 )
P e r m e a t i o n 1 .0 5 3 .5 9 ( 8 . 8 9 )
P e r m e a t io n ( 1 . 4 4 ) 4 .9 9 1 2 .5 2
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t a b u l a t i o n  h a s  been  p r e s e r v e d  i n  T ab le  6 . 2 . 1 . The o n ly  m o d i f i c a t i o n  
i s  t h a t  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  have  been  added a t  th e  
b o t to m .  The numbers  i n  b r a c k e t s  a r e  t h o s e  which have  been  e x t r a ­
p o l a t e d  o u t  o f  t h e i r  t e m p e r a t u r e  r a n g e  o f  a p p l i c a b i l i t y  and t h e s e  
have n o t  b e en  u sed  i n  th e  a v e r a g i n g  p r o c e d u r e .  T a b le  6 . 2 .2  shows 
t h e  means and s t a n d a r d  d e v i a t i o n s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  
i n  T a b le  6 . 2 . 1  a t  t h e  t h r e e  t e m p e r a t u r e s  c h o se n  s e p a r a t e d  i n t o  
t h o s e  b a s e d  on an  e v o l u t i o n  t e c h n i q u e  and  t h o s e  b a se d  on p e r m e a t i o n .  
The number i n  b r a c k e t s  a f t e r  e a c h  mean and i t s  a s s o c i a t e d  s t a n d a r d  
d e v i a t i o n  i s  t h e  number o f  v a l u e s  from which  t h e  mean h a s  been  
d e r i v e d .
T a b le  6 . 2 . 2
T e m p e ra tu re  (°K)
(D ±  s t a n d a r d  d e v i a t i o n )  x 10~^cm^/sec  
( n o .  o f  v a l u e s )
P e r m e a t i o n E v o l u t i o n
575 1 .1 9  ±  .2 0  (4 ) 1 .2 5  ±  .5 2  (2 )
675 4 . 4 2  ±  .7 7  (5 ) 5 . 9 5  ± 1 .5 6  ( 8 )
775 1 2 .1 3  ±  .90  (3 ) 1 4 .3 9  ± 2 . 8 4  (7 )
These  r e s u l t s  r e i n f o r c e  t h e  h y p o t h e s i s  o f  L o u th an  £ t  a l . 
who a t t r i b u t e  t h i s  s y s t e m a t i c  d i f f e r e n c e  t o  t r a p p i n g  o f  h y d ro g e n  
a toms i n  t h e  n i c k e l  l a t t i c e .  T h e i r  own r e s u l t s  i n  which  f i r s t  
t h e  r a t e  o f  r i s e  t o  s t e a d y —s t a t e  i s  m o n i t o r e d  and  t h e n  g a s  i s  
removed from t h e  i n p u t  chamber  and t h e  r a t e  o f  e v o l u t i o n  i s  
m easured  a l s o  show t h e  a s s y m e t r y  s u g g e s t e d  by T a b le  6 . 2 . 2 .
The e x p e r im e n t  o f  L ou than  e ^  a l .  can  be l i k e n e d  t o  t h e  p r e s e n t
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e x p e r i m e n t  w i t h  a  v e r y  deep  m o d u l a t i o n  and a s q u a r e  waveform.
I f  i t  i s  su p p o sed  t h a t  t h e  p e r m e a t i o n  p r o c e s s  i s  d e s c r i b e d  by
a  l i n e a r  d i f f e r e n t i a l  e q u a t i o n  t h e n  s u p e r p o s i t i o n  a l l o w s  t h a t
th e  s o l u t i o n  can  be s p l i t  i n t o  a s e r i e s  i n  t h e  same way a s  th e
i n p u t  wave can  be s p l i t  i n t o  i t s  F o u r i e r  co m ponen ts .  S in c e  th e
i n c r e a s e  i n  t h e  i n p u t  p r e s s u r e  i n  th e  r i s e - t i m e  p a r t  o f  t h e  e x p e r i m e n t
i s  l i a b l e  t o  be more r a p i d  t h a n  t h e  d e c r e a s e  (due  t o  pumping)
p r e p a r a t o r y  t o  t h e  e v o l u t i o n  p a r t  o f  t h e  e x p e r i m e n t  i t  may w e l l
be t h a t  t h e  o b s e r v e d  a s s y m e t r y  i n  t h e  o u t p u t  wave i s  s im p ly  a
r e f l e c t i o n  o f  t h e  a s s y m e t r y  o f  t h e  i n p u t  wave. Even i f  t h i s  i s  n o t
th e  c a s e  t h e r e  i s  y e t  a n o t h e r  p o s s i b l e  e x p l a n a t i o n  i n  t e rm s  o f  t h e
e f f e c t  o b s e r v e d  a t  t h e  o u t p u t  s u r f a c e  i n  t h i s  e x p e r i m e n t  which  h a s
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been  a s s o c i a t e d  w i t h  t h e  q u a n t i t y  .  As 0* , t h e  o u t p u t  s u r f a c e
hy d ro g en  a to m ic  d e n s i t y  d e c r e a s e s ,  r e t a r d a t i o n  o f  gas  f lo w  t h r o u g h  
th e  spec im en  w i l l  o c c u r  and  t h i s  w i l l  l e a d  t o  a d e c r e a s e  i n  t h e  
a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t .  I f  one t a k e s  i n t o  a c c o u n t  t h a t  
t h e  o u t p u t  s u r f a c e  c o n c e n t r a t i o n  i s  n o t  a c t u a l l y  z e r o  b u t  a  v e r y  
s m a l l  f i n i t e  number one m igh t  e x p e c t  t h a t  d u r i n g  t h e  r i s e - t i m e  
e x p e r im e n t  t h e  o u t p u t  s u r f a c e  c o n c e n t r a t i o n  and hence  0 ' w i l l  
i n c r e a s e  so  t h a t  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  m ig h t  be 
e x p e c t e d  t o  i n c r e a s e  u n t i l  s t e a d y - s t a t e  i s  r e a c h e d .  P r e c i s e l y  
t h i s  e f f e c t  i s  found  by L o u th an  e t  a l .  so  t h a t  t h e i r  k i n e t i c  
a s s y m e t r y  may m e r e ly  be due t o  t h e  a s s u m p t i o n ,  i m p l i c i t  i n  t h e i r  
a n a l y s i s ,  t h a t  t h e  o u t p u t  s u r f a c e  c o n c e n t r a t i o n  i s  z e r o .
I f  h y d ro g e n  m ot ion  i n  n i c k e l  were  t o  be s e n s i t i v e  t o
d e f e c t s  i n  th e  n i c k e l  l a t t i c e  ( t r a p p i n g )  one m igh t  e x p e c t  t h a t ,
‘ -
a s  i n  m i ld  s t e e l s  ( s e e ,  f o r  example  O r i a n i ' s ( 3 9 ) a n a l y s i s  o f  t h e  
d a t a  o f  H i l l  and  J o h n s o n ( 4 0 ) )  t h e  a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t  
would depend on t h e  m e c h a n ic a l  c o n d i t i o n  o f  t h e  n i c k e l .  N e i t h e r
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R o b e r t so n C 11) n o r  G r i r a e s ( 4 l )  have  o b s e r v e d  su ch  an e f f e c t .
R o b e r t s o n ( H )  h a s  d e r i v e d  a  * b e s t - f i t '  p e r m e a b i l i t y  
and has  a l s o  d i s p l a y e d  t h e  e n v e lo p e  o f  r e s u l t s  f o r  some 18 
i n v e s t i g a t i o n s .  F o r  t h i s  r e a s o n  i t  o n l y  seems n e c e s s a r y  t o  
compare t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i th  t h e  b e s t - f i t  
and e n v e lo p e  d e r i v e d  by R o b e r t s o n .  T h i s  i s  shown i n  F i g u r e  6 . 2 . 2 ,  
A l th o u g h  th e  v a l u e s  o b t a i n e d  i n  t h i s  work ( e q u a t i o n s  ( 5 . 1 . 1 )  and 
( 5 . 1 #5 ) )  l i e  above th e  ' b e s t - f i t *  t h e y  a r e  w e l l  w i t h i n  t h e  e n v e lo p e  
o f  r e s u l t s .  I n c i d e n t a l l y ,  t h e  e n v e lo p e  d e r i v e d  by R o b e r t s o n  i s  
s e l e c t i v e  i n  t h a t  i t  d i s c o u n t s  p e r m e a b i l i t i e s  which  a r e  m arked ly  
d i s s i m i l a r  t o  t h e  norm.
The s o l u b i l i t y  o f  h y d ro g e n  i n  n i c k e l  c a n  q u i t e  s im p ly  
be o b t a i n e d  from t h e  r e l a t i o n s h i p  = DK^^. S in c e  two e q u a t i o n s  
have been  o b t a i n e d ,  ( 5 *1 . 1 ) and  ( 5 . 1 . 3 ) f o r  t h e  p e r m e a b i l i t y ,  
tv/o e q u a t i o n s  r e s u l t  f o r  t h e  s o l u b i l i t y  a c c o r d i n g  t o  w h e th e r  t h e  
r e s u l t s  a r e  b a s e d  on a m p l i t u d e  o r  s t e a d y - s t a t e  m e a s u re m e n t s .
These a r e  shown i n  F i g u r e  6 . 2 . 3 *
F o r  c o m p ar i so n  w i t h  v a l u e s  from t h e  l i t e r a t u r e  a  m i x t u r e  
o f  t h o s e  o b t a i n e d  i n d e p e n d e n t l y  and  t h o s e  o b t a i n e d  from p e r m e a t i o n  
s t u d i e s  ha s  b een  u s e d .  L o u th an  e t  ^ ' s  (D^) , E b i s u z a k i  jet a l ' s  
and E i c h e n a u e r  jet ^ ' s  r e s u l t s  ( 3 8 , 3 5 ,  34) were a l l  o b t a i n e d  
from p e r m e a t i o n  s t u d i e s .  A r m b r u s t e r ' s (42 )  m easu rem en ts  were 
s p e c i f i c a l l y  d e s i g n e d  f o r  s o l u b i l i t y  a s  were t h e  more r é c e n t  
r e s u l t s  o f  J o n e s  and  P e h l k e ( 4 3 )  and  M cL el lan  and  O a t e s ( 4 4 )  which 
were b o th  made o v e r  t h e  same t e m p e r a t u r e  r a n g e  and a r e  a l m o s t  
c o i n c i d e n t .
The ' b e s t  v a l u e '  o b t a i n e d  by R o b e r t s o n ( l 1 ) b a s e d  o n l y  
on ' d i r e c t '  s o l u b i l i t y  m easurem ents  i s  a l s o  shown.
The c o n s i s t e n c y  be tw een  t h e  m easured  r e s u l t s  from 
a m p l i t u d e s  and  from s t e a d y - s t a t e  m easu rem en ts  i s  good b u t  t h e
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F i g u r e  6 . 2 .2  Comparison  o f  t h e  p e r m e a b i l i t i e s  
o f  t h i s  i n v e s t i g a t i o n  w i t h  t h e  ’b e s t - f i t ' and 
e n v e lo p e  o b t a i n e d  by R o b e r t so n C 11)
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s o l u b i l i t y  v a l u e s  do seem h i g h  compares  w i t h  R o b e r t s o n ' s  c u r v e .
S u m m ar is ing ,  th e  v a l u e s  o f  d i f f u s i v i t y ,  p e r m e a b i l i t y  
"and s o l u b i l i t y  a r e  g i v e n  by :
D = 6 .1 6  X 10 ^exp cm^/sec
= 4 .3 2  X 10” ^exp moles  H^/cra s e c  / t o r r
= 3 *4 i X 10 exp ” r~T*"J moles  H^/cm s e c  / t o r r
R^T*^ ]  moles  H^/cra^ / t o r r
Kgm_t = 5 .5 4  X 10“ ^exp [ ^ § ^ 1  moles  / t o r F
L i t t l e  work h a s  b een  done on low p r e s s u r e  p e r m e a t i o n  o f  h y d ro g en  
t h r o u g h  n i c k e l ,  t h e  l o w e s t  r e c e n t  i n v e s t i g a t i o n s  b e i n g  a t  a ro u n d  
10 t o r r .  A l l  have  been  s t e a d y —s t a t e  m easurem ents  a p a r t  from t h e  
work o f  M o r r i s o n  e t  a l . ( 3 2 ) which  u s e d  t h e  m o d u la to r y  t e c h n i q u e .
P e r h a p s  t h e  most i n t e r e s t i n g  o f  t h e s e  i n v e s t i g a t i o n s  
was due t o  S m i t h e l l s  and R a n s l e y ( 7 )  who u s e d  t h e i r  own r e s u l t s  
a l o n g  w i t h  t h o s e  o f  B o r e l i u s  and L indblom( 4-3, 46) t o  d e m o n s t r a t e  
t h a t  t h e  p e r m e a t i o n  r a t e  o f  h y d ro g e n  th r o u g h  n i c k e l  was n o t  d e s c r i b e d  
by a  c l a s s i c a l  / p  r e l a t i o n s h i p .  I n s t e a d  a  m o d i f y in g  f a c t o r ,
1+ap
b a se d  on t h e  Langrauir  I s o t h e r m  was a p p l i e d  t o  a c c o u n t  f o r  t h e
low s u r f a c e  c o v e r a g e  (and  hence  r e d u c t i o n  i n  a r e a  u s e d  f o r  p e r m e a t i o n )
a t  low p r e s s u r e s .
An e f f e c t  su ch  a s  t h a t  fo u n d  by B o r e l i u s  and  L indblom  
where t h e  J  v s . V p  c u r v e s  c r o s s  t h e  / p  a x i s  a t  p o s i t i v e  v a l u e s
/ P  was n o t  o b s e r v e d  h e r e  b u t  i t  i s  p o s s i b l e  t h a t  r e d u c e d  p r e s s u r e s  
below t h o s e  i n v e s t i g a t e d  h e r e  c o u l d  show an e f f e c t  on t h e  s t e a d y -  
s t a t e  and a m p l i t u d e  measurem ents  a s  &n e x t e n s i o n  o f  t h e  s e c o n d a r y
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J  & P(^3 )  
and M & 0 ( 4 4 )
P r e s e n t  work: 
— 'Amplitude
—S t e a d y - s t a t e
■EK0(35)
R( 1 1 )
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F igu re  6 . 2 . 3  S o l u b i l i t y  o f  Hydrogen in  Ni
1?8
e f f e c t  a l r e a d y  s e e n  i n  th e  p h a s e s .
The p r o d u c t  1/2K^0* c a l c u l a t e d  from t h e  low p r e s s u r e  
phase  m easurem ents  can  be i n t e r p r e t e d  a s  th e  mean t im e  o f  s t a y  
o f  an atom on t h e  o u t p u t  s u r f a c e .  T h i s  q u a n t i t y  s h o u ld  n o t  show 
a  s im p le  t e m p e r a t u r e  dependence  a t  c o n s t a n t  i n p u t  p r e s s u r e  s i n c e ,  
a s  t e m p e r a t u r e  i n c r e a s e s ,  t h e  f l u x  t h r o u g h  t h e  spec im en  i n c r e a s e s .  
Thus ,  0 * s h o u ld  i n c r e a s e ,  b u t  s h o u l d  a l s o  i n c r e a s e  i f  i t  i s  
t h e r m a l l y  a c t i v a t e d .  T h i s  would t e n d  t o  d e c r e a s e  0 *.
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As can  be s e e n  from t h e  r e s u l t s  (T ab le  3 * 1 - 2 ) ,  '^ '^ TqT  
i n  f a c t  d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  . However,  t h i s  
d e c r e a s e  i s  s low  compared w i t h  t h e  r a t e  a t  which t h e  d i f f u s i o n  
c o e f f i c i e n t  i n c r e a s e s  w i t h  t e m p e r a t u r e  so  t h a t ,  a l t h o u g h  t h e  mean 
t im e  o f  s t a y  on t h e  s u r f a c e  i s  becoming s h o r t e r ,  t h e  r a t e  a t  which 
gas  i s  t r a v e r s i n g  t h e  sp ec im e n  i s  g e t t i n g  f a s t e r .  The n e t  e f f e c t  
o f  t h i s  s h o u l d  be t h a t  t h e  phenomenon o b s e r v e d  i n  t h i s  s y s t e m  
s h o u l d  become more n o t i c e a b l e  a t  h i g h e r  t e m p e r a t u r e s .
6 . 5  Molybdenum
The l i t e r a t u r e  v a l u e s  o f  t h e  p e r m e a t i o n  c o n s t a n t s  f o r  
h y d ro g e n  i n  molybdenum a r e  c o n s i d e r a b l y  more s p a r s e  and d i v e r g e n t  
t h a n  t h o s e  i n  n i c k e l .  I t  a p p e a r s  t h a t  t h e  p e r m e a b i l i t i e s  a r e  
r a t h e r  more c o n s i s t e n t  t h a n  e i t h e r  t h e  d i f f u s i v i t i e s  o r  s o l u b i l i t i e s
The p e r m e a b i l i t y  o b t a i n e d  from t h i s  i n v e s t i g a t i o n ,  
e q u a t i o n  ( 5 . 2 . 1 )  i s  compared i n  F i g u r e  6 . 3 .1  w i t h  v a l u e s  o b t a i n e d  
from t h e  l i t e r a t u r e .
Due t o  t h e  l i m i t e d  amount  o f  d a t a  a v a i l a b l e  i n v e s t i g a t i o n s  
u s i n g  D^ gas  have  a l s o  been  i n c l u d e d  i n  t h i s  f i g u r e .  These  
p e r m e a b i l i t i e s  have  n o t  been  m u l t i p l i e d  by th e  f a c t o r  / 2  n o r m a l l y  
a c c e p t e d  f o r  D^/H^ c o m p ar i so n s  b u t  t h e  b a r  i n  t h e  bo t to m  l e f t
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o f  t h e  p l o t  shows t h e  v a l u e  o f  t h i s  f a c t o r  f o r  c o n v e n ie n c e  o f  
c o m p a r i so n .
The p e r m e a b i l i t i e s  seem t o  be more c o n s i s t e n t  a t  low er  
t e m p e r a t u r e s  and  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  f a l l  w e l l  i n t o  
t h i s  b a n d .  The h i g h e r  t e m p e r a t u r e  v a l u e s  a r e  r a t h e r  l e s s  c o n s i s t e n t  
and t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  f a l l  somewhat above t h o s e  
o f  o t h e r  i n v e s t i g a t o r s .
The p e r m e a b i l i t y  a t t r i b u t e d  t o  H i l l ( 4 7 )  was o b t a i n e d
by m u l t i p l y i n g  h i s  r e p o r t e d  s o l u b i l i t y  and d i f f u s i o n  c o e f f i c i e n t .
However,  H i l l  * s  e x p e r i m e n t  was p e r fo rm e d  by c h a r g i n g  t h e  m a t e r i a l
a t  1280-1700°C and t h e  r e p o r t e d  s o l u b i l i t i e s  r e a l l y  o n l y  r e f e r
t o  t h a t  t e m p e r a t u r e  r a n g e  and  i t  may be u n j u s t  t o  t h i s  i n v e s t i g a t o r
t o  e x t r a p o l a t e  t h e s e  m e a s u r e m e n t s . The p e r m e a b i l i t y  o f  G u t h r i e
ejt aJL.(48)  was m easured  u s i n g  1-2000  t o r r  i n p u t  p r e s s u r e  o f  d e u te r iu m .
These  a u t h o r s  a l s o  r e p o r t  some p r e l i m i n a r y  s t u d i e s  w i t h  h y d rogen
and p ro p o s e  a  p r e - e x p o n e n t i a l  f a c t o r  of 1 .5  ( a p p r o x .  / 2 ) t im e s
t h a t  f o r  d e u te r iu m  a l t h o u g h  t h e  a c t i v a t i o n  e n e r g y  i s  n o t  a l t e r e d
and r e m a in s  r a t h e r  low .  H u f f i n e  and  W i l l i a m s  *(49)  m easurem ents
were made a t  81O t o r r  i n p u t  p r e s s u r e ,  b u t  F r a u e n f e l d e r (5 0 )  h a s
i n v e s t i g a t e d  a v e r y  wide p r e s s u r e  r a n g e  f rom  200 t o r r  t o  2 x IO"
t o r r .  T h i s  a u t h o r  d i d  f i n d  some d e v i a t i o n s  from c l a s s i c a l  b e h a v i o u r  
—2a t  a ro u n d  2 x 10 t o r r  b u t  t h e s e  e f f e c t s  were  s u p p o se d  t o  be 
a s s o c i a t e d  w i t h  t h e  e x t e n t  o f  p r e - d i s s o c i a t i o n  o f  t h e  g a s  a t  t h e  
( r e l a t i v e l y  h ig h )  t e m p e r a t u r e s  u s e d .
The s o l u b i l i t y  o f  h y d ro g e n  i n  molybdenum i s  o b t a i n e d  
by d i v i s i o n  o f  e q u a t i o n  ( 5 . 2 . 1 ) by e q u a t i o n  ( 5 . 2 . 2 ) .
^sm “ 3 . 6 4  X lo T ^ex p  m oles  H^/cm^ / t o r r
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( 5 1 )
F i g u r e  6 .5»1  P e r m e a b i l i t i e s  f o r  h y d ro g e n  i n
molybdenum
(*Ji/Xperiment c a r r i e d  o u t  u s i n g  d u e t e r iu m  g a s )
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T h i s  i s  shown i n  F i g u r e  6 . 3 ,2  a l o n g  w i t h  some d a t a  from the  
l i t e r a t u r e .
The l i t e r a t u r e  s o l u b i l i t i e s  a r e  r a t h e r  l e s s  t i g h t l y  
bunched t h a n  t h e  p e r m e a b i l i t i e s  and a c t i v a t i o n  e n e r g i e s  v a r y  r a t h e r  
w id e ly  even  i n  t h e  same t e m p e r a t u r e  r a n g e .  The s o l u b i l i t y  o f  
H i l l ( 4 ? )  h a s  b een  e x t r a p o l a t e d  from h i s  c h a r g i n g  t e m p e r a t u r e  t o  
t h e  t e m p e r a t u r e  a t  which  h i s  d i f f u s i v i t i e s  were m easured  t o  a t t e m p t  
t o  i l l u s t r a t e  t h e  e f f e c t  t h a t  t h i s  e x t r a p o l a t i o n  has  on t h e  
p e r m e a b i l i t y  p l o t t e d  i n  F i g u r e  6 . 3 . 1 .
Only t h e  d a t a  o f  O a te s  and M cL e l l an (3 3 )  and S i e v e r t s  
and B r u n in g ( 3 4 )  were m easured  d i r e c t l y  a s  opposed  t o  b e i n g  c a l c u l a t e d  
from p e r m e a b i l i t i e s  and  d i f f u s i v i t i e s . S i e v e r t s  and  B ru n in g  
p r e s e n t e d  t h e i r  d a t a  a s  i n d i v i d u a l  m easurem ents  a s  o pposed  t o  
i n  A r r h e n i u s  fo rm ,  p re s u m ab ly  b e c a u s e  o f  t h e  c u r v a t u r e .  I t  i s  
p o s s i b l e  tho u g h  by no means c o n f i r m e d  by t h e  c o l l e c t e d  d a t a  t h a t  
t h e  s o l u b i l i t y  o f  h y d ro g e n  i n  molybdenum a c t u a l l y  does  show a  
c u r v a t u r e  a l t h o u g h  one m igh t  e x p e c t  t h i s  t o  be r e f l e c t e d  i n  t h e  
p e r m e a b i l i t i e s  a t  h i g h e r  t e m p e r a t u r e s .  The d a t a  o f  M a r t i n ( 5 3 ) ,  
which a r e  n o t  shown h e r e  i n  f a c t  s u g g e s t  r e t r o g r a d e  s o l u b i l i t y  
o v e r  p a r t  o f  t h e  t e m p e r a t u r e  r a n g e .
The d i f f u s i v i t y , e q u a t i o n  ( 3 * 2 . 2 ) ,  o f  t h i s  s t u d y  i s  shown 
i n  F i g u r e  6 . 3 .3  a l o n g  w i t h  t h e  l i t e r a t u r e  v a l u e s .
The r e s u l t s  o f  J o n e s  e t  a l . (43)  and  o f  R y a b c h ik o v (5 6 ) 
a r e  shown d o t t e d  s i n c e  t h e y  have  b een  e x t r a p o l a t e d  from o u t s i d e  
th e  t e m p e r a t u r e  r a n g e  shown. The e x t r a p o l a t e d  v a l u e s  o f  R yabch ik o v  
®aly a p p e a r  low b e c a u s e  t h e  a c t i v a t i o n  e n e r g y  i s  r a t h e r  l a r g e  and  
e x t r a p o l a t i o n s  from t h e  t e m p e r a t u r e  r a n g e  shown t o  t h e  r a n g e  o f  
t h e s e  m easurem ents  l e a d s  t o  r a t h e r  l e s s  i n c o n s i s t e n c y .
The e x p e r i m e n t  o f  Zakharov  e t  a l . (37 )  i s  r a t h e r  d i f f e r e n t
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from n o r m a l .  Hydrogen was i n j e c t e d  i n t o  th e  m e ta l  from a glow 
d i s c h a r g e .  The p e r m e a t i o n  r a t e s  were found  t o  be n o n - l i n e a r  i n  
th e  A r r h e n i u s  p l o t  and  t h e  e f f e c t i v e  d i f f u s i v i t y  showed a ’ k n e e ’ 
a t  a round  5 0 0 ^ 0 .  These a u t h o r s  i n t e r p r e t e d  t h e i r  r e s u l t s  i n  te rras  
o f  a model whereby d i f f u s i o n  was enhanced  by t h e  c r e a t i o n  o f  p o i n t  
d e f e c t s  a t  t h e  i n p u t  s u r f a c e  i n t r o d u c e d  by th e  glow d i s c h a r g e .
These d e f e c t s  were assumed t o  form complexes  w i t h  th e  hy d ro g en  
a to m s ,  t h e  m i g r a t i o n  o f  t h e  whole  complex c o n t r i b u t i n g  t o  t h e  
n e t  hy d ro g en  f l u x  t h r o u g h  t h e  s p e c im e n .
From t h e i r  r e s u l t s  t h e y  t h e n  c a l c u l a t e d  a  d i f f u s i o n  
c o e f f i c i e n t  f o r  h y d ro g e n  and a  s e p a r a t e  d i f f u s i o n  c o e f f i c i e n t  
f o r  t h e  c o m p le x es .  B oth  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  complexes  
and t h a t  f o r  h y d ro g e n  a r e  shown i n  F i g u r e  6 . 3 . 3 . The f a c t  t h a t  
t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  com plexes  i s  so  much h i g h e r  t h a n  
t h a t  f o r  h y d ro g e n  seems r a t h e r  u n l i k e l y ,  e s p e c i a l l y  when t h e  a u t h o r s  
su p p o se  t h a t  t h e  d e f e c t s  a r e  s e l f - i n t e r s t i t i a l  molybdenum a to m s .
A v e r y  s i m i l a r  e x p e r i m e n t  by F a r a j ( 2 7 )  u n d e r  a l m o s t  i d e n t i c a l  
g l o w - d i s c h a r g e  c o n d i t i o n s  p ro d u c e d  no s u c h  e f f e c t  and  i n  f a c t  
l e d  t o  t h e  e v a l u a t i o n  o f  d i f f u s i o n  c o e f f i c i e n t s  which a r e  r e m a r k a b l y  
s i m i l a r  t o  t h o s e  m easured  i n  t h i s  i n v e s t i g a t i o n .
S in c e  t h e  d i f f u s i o n  a c t i v a t i o n  e n e r g y  o f  H i l l ( 4 7 )  i s  
a r o u n d ,  o r  p e r h a p s  lo w e r  t h a n  t h e  norm and t h e  p e r m e a t i o n  a c t i v a t i o n  
e n e r g y  i s  somewhat h i g h e r  t h a n  t h e  norm t h i s  s u g g e s t s  t h a t  t h e  
s o l u b i l i t y  a c t i v a t i o n  e n e r g y  s h o u l d  be somewhat s m a l l e r  when 
e x t r a p o l a t e d  i n t o  t h e  t e m p e r a t u r e  r a n g e  o f  F i g u r e  6 . 3 . 2 .
The r e s u l t s  o f  Caskey et, ^ . ( 3 1 )  a r e  w o r th y  o f  some 
s p e c i a l  m e n t io n .  T h e i r  e x p e r i m e n t  was e f f e c t i v e l y  c a r r i e d  o u t  
t w i c e .  The f i r s t  s t e p  was t o  r a p i d l y  i n c r e a s e  t h e  i n p u t  p r e s s u r e  
t o  a f i x e d  v a l u e  and  t o  f o l l o w  t h e  r a t e  o f  r i s e  t o  s t e a d y - s t a t e .
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F i g u r e  6 . 3 , 3  D i f f u s i v i t i e s  f o r  h y d ro g e n
i n  molybdenum
(*C and H r e f e r  t o  d i f f u s i o n  c o e f f i c i e n t s  f o r  
s e l f - i n t e r s t i t i a l  a to m /h y d ro g e n  com plexes  and 
h y d ro g e n  a to m s ,  s e e  t e x t )
(** H and E r e f e r  t o  m easurem ents  b a s e d  on 
r i s e - t i m e  and e v o l u t i o n  r a t e s ,  s e e  t e x t . )
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Gas was t h e n  removed from t h e  i n p u t  s i d e  o f  t h e  spec im en  and th e  . 
e v o l u t i o n  r a t e  from th e  sp ec im e n  was m e asu re d .  Of c o u r s e ,  th e  
s t e a d y - s t a t e  p e r m e a b i l i t y  was a l s o  m easured  and i s  c o n s i s t e n t  w i th  
o t h e r  i n v e s t i g a t i o n s .  I t  was fo u n d ,  however ,  by t h e s e  a u t h o r s  
t h a t  t h e  a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t  was d i f f e r e n t  
from r i s e  t o  s t e a d y - s t a t e  t h a n  from d e c l i n e  o r  e v o l u t i o n  r a t e ,  
t h e  v a l u e  f o r  e v o l u t i o n  r a t e  b e i n g  l a r g e r  t h a n  t h a t  from r i s e  
t i m e .  These  a u t h o r s  p ro p o s e  t h a t  su ch  an e f f e c t  i s  p ro d u ced  by 
t r a p p i n g  o f  hy d ro g en  w i t h i n  t h e  molybdenum b u t  an  a l t e r n a t i v e ,  
e q u a l l y  f e a s i b l e  e x p l a n a t i o n  i s  a l s o  p o s s i b l e  i n  te r ras  o f  f i n i t e  
s u r f a c e  r a t e  p r o c e s s e s .  S in c e  t h e  e v o l u t i o n  e x p e r i m e n t  i s  c a r r i e d  
o u t  u n d e r  c o n d i t i o n s  where t h e  c o n c e n t r a t i o n  a t  t h e  ' o u t p u t '  s u r f a c e  
i s  h i g h e r  t h a n  i n  t h e  r a t e —o f —r i s e  c a s e ,  and  a l s o  s i n c e  e v o l u t i o n  
r a t e s  a r e  i n d e p e n d e n t  o f  any  p r o c e s s e s  o c c u r r i n g  a t  t h e  i n p u t  
s u r f a c e  one m igh t  e x p e c t  a  h i g h e r  e f f e c t i v e  d i f f u s i v i t y  i n  t h i s  
c a s e .
Such l a r g e  t r a p p i n g  e f f e c t s  ( a  f a c t o r  o f  a b o u t  5 i n  
t h e  a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t s  f o r  p e r m e a t i o n  and  e v o l u t i o n )  
c o u ld  n o t  f a i l  t o  be s e e n  i n  t h i s  e x p e r i m e n t  a t  low p r e s s u r e s .
As a l r e a d y  m e n t io n e d ,  no p r e s s u r e  e f f e c t s  were s e e n  i n  e i t h e r  
o f  t h e  molybdenum s p e c im e n s .  The a rg u m e n ts  u s e d  by L o u th an  e t  aJ_. 
( 3 6 ) f o r  n i c k e l  w i t h  r e g a r d  t o  t h i s  same e f f e c t  c a n n o t  be u s ed  
h e r e  s i n c e  th e  r e s u l t s  o f  b o t h  E y a b c h ik o v (5 6 )  and H i l l ( 4 ? )  were 
c a r r i e d  o u t  by e v o l u t i o n  t e c h n i q u e s  and  b o t h  o f  t h e s e  s e t s  o f  
d a t a  l i e  be low t h e  d a t a  o f  t h e  p r e s e n t  i n v e s t i g a t i o n .  The p o i n t  
made e a r l i e r  ( S e c t i o n  6 . 2 ) a b o u t  t h e  C as k e y /L o u th a n  e x p e r i m e n t  
b e i n g  e f f e c t i v e l y  a  deep m o d u l a t i o n  can  a g a i n  be c o n s i d e r e d  h e r e  
and s i m i l a r  r e m a rk s  a p p l y  a b o u t  t h e  p o s s i b l e  a s s y m e t r y  o f  t h e  
i n p u t  wave.
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Sum m ar is ing ,  th e  v a l u e s  o f  d i f f u s i v i t y ,  p e r m e a b i l i t y  
and s o l u b i l i t y  f o r  hyd rogen  i n  molybdenum a r e  g i v e n  by:
D = 3 . 7 6  exp p . 1.9888  c a l / m o l e j  c m ^ /s e c .
^ exp  ^ c a l / m o l e l  H^/cm s e c  / t o r r
K^ra = 3 . 6 4  X 10-®exp ^ 1 445 c a l / m o l e j  ^ o l e s  H^/cm^
One f i n a l ,  g e n e r a l  o b s e r v a t i o n  on F i g u r e  6 . 3 . 1 , 6 . 3 .2  
and 6 . 3 .3  i s  w o r th  n o t i n g  i n  t h e  c a s e  o f  molybdenum. I t  i s  c l e a r  
t h a t ,  when s o l u b i l i s a t i o n  becomes a t i m e —d e p en d e n t  p r o c e s s ,  t h a t  
t i m e - d e p e n d e n t  m easurem ents  w i l l  f a i l  t o  s e p a r a t e  t h e  d i f f u s i v i t y  
from t h e  p e r m e a b i l i t y  so  t h a t  t h e  s o l u b i l i t y  w i l l  i n  some way be 
i n v o l v e d  i n  t h e  a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t .  D i v i d i n g  t h e  
p e r m e a b i l i t y  by a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t  w i l l  t h e n  no l o n g e r  
y i e l d  t h e  s o l u b i l i t y  b u t  some q u a n t i t y  s m a l l e r  t h a n  t h e  s o l u b i l i t y ,  
so  t h a t  c o m p a t i b i l i t y  i n  t h e  p e r m e a b i l i t y  b u t  f a i l u r e  o f  c o m p a t i b i l i t y  
i n  t h e  d i f f u s i o n  c o e f f i c i e n t  and  d e r i v e d  s o l u b i l i t y  i s  i n d i c a t i v e  
t h a t  s o l u b i l i s a t i o n  may be a  t i m e - d e p e n d e n t  p r o c e s s .  The l a c k
p r e s s u r e  e f f e c t  i n  t h i s  m a t e r i a l  and  i n  o t h e r  s t u d i e s  f o r  
molybdenum ( a p a r t  from t h e  work o f  F r a u e n f e l d e r ,  where t h e  e f f e c t  
i s  a t t r i b u t a b l e  t o  p r e - d i s s o c i a t i o n  o f  g a s ,  where t h e  p a r t  o f  
t h e  s o l u b i l i t y  a s s o c i a t e d  w i t h  s p l i t t i n g  o f  hy d ro g en  m o l e c u l e s  
i s  l o s t  b e f o r e  t h e  spec im en  i s  e n c o u n t e r e d )  would t e n d  t o  s u g g e s t  
t h a t  t h e  r a t e - l i m i t i n g  p a r t  o f  t h e  s o l u b i l i s a t i o n  p r o c e s s  i s  
a s s o c i a t e d  w i t h  t h e  v a l u e  o f  o r  .
The v a l u e s  o f  ( a s su m in g  = K^) d e r i v e d  i n  S e c t i o n  3*2 
have a l r e a d y  b een  p r e s e n t e d  i n  T ab le  3 . 2 . 2 .  I f  t h e  d i f f u s i o n
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c o e f f i c i e n t  i s  removed from th ese  va lu es  to  obta in  the value of
\  appropriate to each temperature the va lu es  in  Table 6 .3 .1  are 
obtained;
Table 6 .3 .1
1 = .3  mm 1 = .23  mm
T(°K) (c m /se c ) T(°K) (c m /se c )
824 - 667
867 - 715 —
918 2 .1 1  X 10“^ 7 5 9 .5 4 .7 4  X 10“^
963 2 .1 9  X 10“^ 808 4 .8 9  X 10"^
1017 2 .0 3  X 10~2 830 4.46  X 10"^
1070 .3 1 .1 7  X 10“^ 896 5 .6 6  X 10~^
I t  can be seen  th a t  in  both specimens a c t iv a t io n  o f  
\  absent to  the accuracy o f  the method o f  d eterm in ation .
This means th a t  the q u a n tity  y | -  w i l l  become la r g e r  the h igher  
the temperature s in c e  D i s  always in c r e a s in g  w ith  tem perature. 
I f  i s  as v a r ia b le  in  magnitude as i s  in d ic a te d  by the two
measurements w ith  nom inally i d e n t i c a l  su r fa c e s  then one might 
expect th a t  measured p e r m e a b i l i t ie s  w i l l  become more d ivergen t  
the la rg er  i s  D, i . e .  the h igher i s  the tem perature. This i s  
ob v iou sly  the case from a p eru sa l o f  Figure 6 . 3 . 1 .
I t  IS  p r o p o s e d ,  t h e r e f o r e ,  t h a t  i s  a  h i g h l y  s u r f a c e  
s e n s i t i v e  p a r a m e t e r  w i t h  a  v e r y  low a c t i v a t i o n  e n e r g y  so  t h a t  
a s  th e  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e s  i n c o m p a t i b i l i t i e s  i n  
p e r m e a b i l i t ie s  w i l l  in c r e a s e .
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The f a c t o r  o f  a ro u n d  4 d i f f e r e n c e  i n  t h e  v a lu e  o f  
be tw een  t h e  .5  mm and .25  mm spec im ens  would p r o b a b l y  be c o n s i d e r a b l y  
re d u c e d  by c h o o s i n g  t h e  c l a s s i c a l  l i n e  f o r  p e r m e a b i l i t y  i n  
F i g u r e  5 - 2 . 1  somewhat s t e e p e r .  T h i s  would a l t e r  t h e  d i f f u s i v i t i e s  
somewhat and make them l i e  c l o s e r  t o  t h e  same s t r a i g h t  l i n e .
However,  i t  i s  n o t  t h o u g h t  t h a t  t h e  h i g h  d i f f u s i v i t y  phase  c u r v e s  
a r e  a c c u r a t e  enough f o r  a  s e c o n d  i t e r a t i o n  o f  t h i s  t y p e .
Because  t h e  d i f f u s i v i t y  needs  t o  be r a t h e r  l a r g e ,  o r  
r a t h e r  t h e  mean t im e  o f  s t a y  i n  t h e  spec im en  r a t h e r  s m a l l  t o  measure  
su ch  s u r f a c e  e f f e c t s  equ ipm en t  w i t h  a  h i g h e r  f r e q u e n c y  c a p a b i l i t y  
and f a s t e r  r e s p o n s e  would p r o b a b l y  improve knowledge o f  p e r m e a t i o n  
o f  h y d ro g e n  i n  molybdenum.
6 . 4  M316 S t a i n l e s s  S t e e l
From t h e  p o i n t  o f  v iew o f  p e r m e a t i o n  e x p e r i m e n t s ,  s t a i n l e s s  
s t e e l  i s  a  f a r  more complex m a t e r i a l  t h a n  e i t h e r  n i c k e l  o r  molybdenum.
F i r s t l y ,  i t  i s  an a l l o y  w i t h  a r a t h e r  h i g h  c o n t e n t * o f  
s u b s t i t u t i o n a l  s o l u t e s  which w i l l  cause  d i s t o r t i o n s  o f  t h e  l a t t i c e  
which a r e  p o t e n t i a l  t r a p p i n g  s i t e s  f o r  a  s m a l l  i n t e r s t i t i a l  l i k e  
h y d r o g e n .  F u r t h e r m o r e ,  th e  a l l o y  and i m p u r i t y  c o n t e n t  c an  v a r y  
q u i t e  c o n s i d e r a b l y  even  w i t h i n  t h e  s p e c i f i c a t i o n  o f  a  p a r t i c u l a r  
s t e e l .  F o r t u n a t e l y ,  s t a i n l e s s  s t e e l s  n o r m a l ly  c o n t a i n  o n l y  one 
phase  ( a u s t e n i t e )  and t h e r e f o r e  one need  n o t  c o n s i d e r  t h e  a d d i t i o n a l  
c o m p l i c a t i o n s  o f  a  two—phase  m a t r i x  a s  i s  t h e  c a s e  f o r  some lo w e r  
a l l o y  s t e e l s .  A n o th e r  p r o p e r t y  o f  s t a i n l e s s  s t e e l s  which can  
i n f l u e n c e  p e r m e a t i o n  p r o p e r t i e s  i s  t h a t  from which t h e y  d e r i v e  
t h e i r  name; th e  f o r m a t i o n  o f  a  v e r y  s t a b l e  and  r e l a t i v e l y  im pe rm eab le  
i r o n  chromium o x id e  on s u r f a c e s  e x p o se d  t o  a i r  f o r  even  v e r y  s h o r t
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l e n g t h s  o f  t i m e .  T h i s  o x id e  i s ,  by i t s  n a t u r e ,  t h i n  s i n c e  i t s  
i m p e r m e a b i l i t y  d i s a l l o w s  f u r t h e r  c o n t a c t  o f  oxygen w i th  th e  p a r e n t  
m e ta l  a f t e r  t h e  f i r s t  l a y e r s  o f  o x id e  have  fo rm ed .
There  i s  a  v a s t  amount o f  l i t e r a t u r e  on th e  p e r m e a t i o n  
c h a r a c t e r i s t i c s  o f  h y d ro g e n  i n  s t a i n l e s s  s t e e l s .  Much o f  t h i s  
work i s  c o n c e r n e d  w i t h  f u s i o n  r e a c t o r  t e c h n o l o g y  and a  l o t  o f  
i n t e r e s t  seems t o  have  b een  shown i n  Type 304 s t a i n l e s s  s t e e l .
R a t h e r  l e s s  work h a s  b een  done on Type 316  s t e e l ( 5 8 - 6 l ) .  Of t h e s e ,  
tv/o s t u d i e s  ( 5 8 , 6 l ) have o n l y  1% a s u r e d  t h e  p e r m e a b i l i t y  and one 
o f  t h e s e  has  p ro d u c e d  r a t h e r  anomalous  r e s u l t s .  The r e m a i n i n g  
two s t u d i e s  have  b een  c a r r i e d  o u t  a t  v e r y  low t e m p e r a t u r e s  w i t h  
t r i t i u m  a s  t h e  d i f f u s a n t  and one o f  t h e s e  ( 5 9 ) ha s  b een  c o n c e rn e d  
o n ly  w i t h  g r a i n  b o u n d a ry  d i f f u s i o n  which i s  n o t  c o n s i d e r e d  ( 5 9 ) 
t o  have an  e f f e c t  a t  t h e  t e m p e r a t u r e s  o f  t h e  p r e s e n t  s t u ( ^  •
However,  a .num ber  o f  a u t h o r s  ( e . g .  6 0 , 6 2 ) have  commented 
on t h e  a p p a r e n t  l a c k  o f  an  e f f e c t  o f  a l l o y  c o n t e n t  on t h e  p e r m e a t i o n  
b e h a v i o u r  o f  s t a i n l e s s  s t e e l s .
F i g u r e  6 . 4 . 1  shows t h e  d a t a  p o i n t s  f o r  t h e  d i f f u s i o n  
c o e f f i c i e n t  d e r i v e d  i n  S e c t i o n  5*5*1 a l o n g  w i t h  some v a l u e s  from 
t h e  l i t e r a t u r e . I t  c an  be s e e n  t h a t  t h e s e  v a l u e s  l i e  r e a s o n a b l y  
c l o s e  t o  t h o s e  o f  t h e  l i t e r a t u r e ,  b u t  t e n d  t o  s t r a y  be low t h e  
l i t e r a t u r e  v a l u e s  a t  lo w e r  t e m p e r a t u r e s .
F i g u r e  6 . 4 . 2  shows ' a p p a r e n t  p e r m e a b i l i t i e s '  ( d o t t e d  
l i n e s )  o b t a i n e d  from F i g u r e  5*5*5* The d a t a  p o i n t s  f o r  b o t h  t h e  
*25 mm and .1 mm sp ec im e n s  were t r e a t e d  a s  i f  t h e y  were assumed 
t o  be c l a s s i c a l  and  ' p e r m e a b i l i t i e s *  were o b t a i n e d  i n  t h e  same 
way a s ,  f o r  ex am p le ,  n i c k e l .  The t o p  p a i r  o f  s o l i d  l i n e s  i n  
F i g u r e  6 . 4 . 2  r e p r e s e n t  th e  r e s u l t  o f  a r e v i e w  by Le C l a i r e  ( 18 ) 
f o r  u p p e r  and lo w e r  bounds o f  t h e  p e r m e a b i l i t y  o f  hy d ro g en  th r o u g h
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F i g u r e  6 . 4 . 1  Some d i f f u s i o n  c o e f f i c i e n t s  f o r  
h y d ro g e n  i n  s t a i n l e s s  s t e e l s  a l o n g  w i t h  t h e  d a t a  
p o i n t s  from t h i s  s t u d y .
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F ig u r e  6 . 4 . 2  P e r m e a b i l i t i e s  f o r  h y d ro g en  
th ro u g h  s t a i n l e s s  s t e e l
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s t a i n l e s s  s t e e l s .  I t  i s  n o t  s u r p r i s i n g  t h a t  th e  d a t a  from t h i s
i n v e s t i g a t i o n  l i e  below t h e s e  bounds t a k i n g  i n t o  a c c o u n t  th e
c o n s i d e r a t i o n s  o f  S e c t i o n  5*3* The lo w e r  p a i r  o f  s o l i d  l i n e s
sum m arise  some work done by S w a n s ig e r  ejb ^ . ( 6B)(SMWB) and th e
bounds r e p r e s e n t  v a r i o u s  d e g r e e s  o f  o x i d a t i o n  o f  th e  309S a l l o y
which th e s e  a u t h o r s  u s e d .  I t  m ust be s t r e s s e d  t h a t  t h e s e  l i n e s
a r e  n o t  d i r e c t l y  com parab le  w i th  t h i s  work s i n c e  b o th  s e t s  (SKV/B
and t h i s  work) have been  d e r i v e d  on th e  a s s u m p t io n  t h a t  t h e  f l u x
-Ith ro u g h  th e  sp ec im en  i s  p r o p o r t i o n a l  t o  p ^ .  I n  th e  ex trem e  c a s e  
where th e  f l u x  i s  p r o p o r t i o n a l  t o  th e  f i r s t  power o f  i n p u t  p r e s s u r e  
th e  SHWB c u rv e s  would be d i s p l a c e d  downwards by 2 . 3  l o g a r i t h m i c  
u n i t s  ( a r ro w )  and th e  lo w er  d o t t e d  l i n e  ( .1  mm sp ec im en ) would 
be d i s p l a c e d  upw ards by 1 .7 3  l o g a r i t h m i c  u n i t s  a t  th e  h ig h  
te m p e r a tu r e  end and  1 .1 5  l o g a r i t h m i c  u n i t s  a t  i t s  low te m p e r a tu r e  
e n d .  The .25  mm l i n e  would be u n a f f e c t e d .
The two h i g h e s t  t e m p e r a t u r e  p e r m e a b i l i t i e s  f o r  th e  .25  mm 
sp ec im en  were c o r r e c t e d  a s  s u g g e s t e d  by th e  f a c t o r s  d e r i v e d  i n  
S e c t i o n  5*3 and  sum m arised  i n  T a b le  5*3*3" The c o r r e c t e d  p o i n t s  
a r e  shown a s  b a r s  i n  F ig u r e  6 . 4 . 2 ,  th e  e x t e n s i o n  o f  th e  b a r  b e in g  
i n d i c a t i v e  o f  th e  ra n g e  o f  o f  T a b le  5*3*3* These  c o r r e c t i o n s
b r in g  th e s e  two d a t a  p o i n t s  v e r y  c l o s e  t o  th e  d i f f u s i o n - c o n t r o l l e d  
r e g i o n  d e f in e d  by th e  bounds o f  Le C l a i r e .
I f  th e  lo w e r  t e m p e r a t u r e  p o r t i o n  o f  th e  p e r m e a t io n  c u rv e s  
i n  t h i s  work i s  t o  be o x i d e - c o n t r o l l e d  t o  th e  e x t e n t  t h a t  J  i s  
p r o p o r t i o n a l  t o  p ,  i e . e q u a t i o n  ( 5 *3 *3 ) h o l d s :
K J.K ,
Then, i n  p r i n c i p l e ,  th e  a c t i v a t i o n  e n e rg y  f o r  d i f f u s i o n  o f  h y d ro g en
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th ro u g h  th e  o x id e  l a y e r  can  be o b t a i n e d .
T h is  a c t i v a t i o n  e n e r g y ,  o b t a in e d  by two s e p a r a t e  l i n e a r  
r e g r e s s i o n s  a t  th e  low te m p e r a tu r e  ends o f  th e  c u rv e s  i n  
F ig u r e  5»3»^ i s  -14817  c a l /m o le  f o r  th e  .1 mm spec im en  and 
-14113  c a l /m o le  f o r  th e  .23  mm sp e c im e n .  R e w r i t in g  e q u a t i o n  
( 5 *3 »3 ) i n  te rm s  o f  th e  o x id e  p e r m e a t io n  p a r a m e te r s ,  e q u a t i o n s  
( 4 . 2 2 ) ;
where i s  th e  m o le c u la r  d i f f u s i o n  c o e f f i c i e n t  f o r  h y d ro g en  th ro u g h  
th e  o x id e
i s  th e  m o le c u la r  s o l u b i l i t y  o f  h y d ro g en  i n  th e  o x id e  
1^ ,  1^ a r e  th e  t h i c k n e s s e s  o f  th e  o x id e  a t  th e  i n p u t  and 
o u tp u t  s u r f a c e s .
T hus , th e  a c t i v a t i o n  e n e r g i e s  d e r i v e d  above can  be s e e n  
a s  th e  a c t i v a t i o n  e n e r g i e s  f o r  m o le c u la r  p e r m e a b i l i t y  o f  h y d ro g en  
th ro u g h  th e  o x id e .  However, t h e s e  v a l u e s  a r e  r e m a rk a b ly  c l o s e  
to  th e  v a lu e  - 1 3 ,1 4 8  c a l /m o le  f o r  p e rm e a t io n  o f  h y d ro g en  th ro u g h  
b u lk  M316 s t a i n l e s s  s t e e l  o b t a i n e d  by Van D e v e n te r  and  M a ro n i(6 l ) .
T h is  s i m i l a r i t y  im m e d ia te ly  c a l l s  t o  mind th e  model o f  d e f e c t -
l i m i t e d  p e rm e a t io n  d e s c r ib e d  by S t r e h lo w  and  S a v a g e ( 2 6 ) .  H e re ,  
th e  f l u x  e q u a t i o n  f o r  p e rm e a t io n  i s  l i k e n e d  t o  Ohm*s Law so  t h a t  
a  * p e rm e a t io n  r e s i s t a n c e *  can  be d e f i n e d
E = 1/DK^^A (a  = c r o s s  s e c t i o n a l  a r e a  o f  sp ec im e n )
A r e s u l t  f o r  th e  e l e c t r i c a l  a n a lo g u e  f o r  th e  c o n s t r i c t i o n  r e s i s t a n c e  
f o r  a  s e t  o f  c i r c u l a r  h o le s  o f  a v e r a g e  r a d i u s ,  a ,  and a v e r a g e  
s e p a r a t i o n ,  2 b , due to  Holra(69) i s  in v o k e d  and th e  f l u x  can  be
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w r i t t e n ;
aDK / p  sm
T h is  c o u ld  e x p l a i n  i n  p a r t  th e  f a i l u r e  o f  th e  t h i c k n e s s  
r e l a t i o n  and would a l s o  l e a d  to  a p p a r e n t  p e r m e a b i l i t i e s  w i th  an 
a c t i v a t i o n  e n e rg y  s i m i l a r  t o  t h a t  o b t a in e d  i n  a  n o n -o x id e  l i m i t e d  
s p e c im e n .  However, u n l e s s  p e rm e a t io n  th ro u g h  th e  o x id e  i s  a l s o  
o c c u r r i n g  i t  i s  d i f f i c u l t  t o  e x p l a i n  e i t h e r  th e  c u r v a t u r e  o f  th e  
P ’/ / P  p l o t s  o r  th e  t im e - d e p e n d e n t  r e s u l t s .
6 .3  Summary and  S u g g e s t io n s  f o r  F u tu r e  Work
T h is  e x p e r im e n t  was d e s ig n e d  to  i d e n t i f y  a n d ,  i f  p o s s i b l e ,  
q u a n t i f y  th e  p a r a m e te r s  g o v e rn in g  th e  p e r m e a t io n  o f  h y d ro g en  th ro u g h  
m e ta l  d i s c s .  I t . w a s  i n t e n d e d  i n  p a r t i c u l a r  t h a t  th e  a r e a s  o f  
phase  boun d a ry  c o n t r o l l e d  p e r m e a t io n  would be i d e n t i f i e d  and t h a t  
th e  d i f f u s i o n  c o e f f i c i e n t  and  p e r m e a b i l i t y  would be m e asu re d .
These a im s would a p p e a r  t o  have b een  met i n  a l l  c a s e s  e x c e p t  s t a i n l e s s  
s t e e l  where th e  p e r m e a b i l i t y  was o n ly  o b t a i n a b l e  a t  th e  h i g h e s t  
t e m p e r a t u r e s  o f  i n v e s t i g a t i o n .
One c l e a r  p o i n t  t h a t  em erges  from  th e  work a s  a  whole 
i s  t h a t  s u r f a c e - l i m i t e d  b e h a v io u r  i s  h o t  n e c e s s a r i l y  c o n f in e d  to  
p a r t i c u l a r ,  a r e a s  o f  t e m p e r a tu r e  o r  p r e s s u r e .  T h i s  means t h a t  
d e c r e a s i n g  th e  i n p u t  p r e s s u r e  i s  n o t  g u a r a n t e e d  to  p ro d u ce  s u r f a c e -  
l i m i t e d  b e h a v io u r  ( e . g .  m olybdenum ). L ik e w is e ,  g e n e r a l  s t a t e m e n t s  
l i k e  " s u r f a c e  l i m i t e d  b e h a v io u r  i s  l i k e l y  t o  o c c u r  a t  h ig h / lo w  
t e m p e r a t u r e s "  c a n n o t  be made (com pare  s t a i n l e s s  s t e e l  and m olybdenum ). 
However, i t  i s  a lw ay s  th e  c a s e  t h a t  one i s  more l i k e l y  t o  d e t e c t
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p h a se -b o u n d a ry  p r o c e s s e s  when th e  spec im en  i s  t h i n  th a n  i f  i t  
i s  t h i c k .
A s i m p l i f i e d  model has  been  u sed  i n  t h i s  work i n  o r d e r  
to  c l a r i f y  th e  s u r f a c e  s i t u a t i o n  and a l s o  so  t h a t  th e  o p e r a t i v e  
s u r f a c e  p r o c e s s  need  n o t  be d e f i n e d  by more th a n  one p a r a m e te r .  
However, when th e  s u r f a c e  p r o c e s s  becomes d o m in a n t ,  a s  i n  th e  
c a se  o f  s t a i n l e s s  s t e e l ,  d i f f i c u l t i e s  a r e  e n c o u n te re d  which may 
w e l l  be due t o  s u c h  s i m p l i f i c a t i o n s .
A p a r t  from  th e  o x i d e - l i m i t e d  b e h a v io u r  i n  s t a i n l e s s  
s t e e l  th e  s u r f a c e  p r o c e s s e s  s e e n  h e r e  have been  r a p i d  ( c h a r a c t e r i s e d  
by t im e s  o f  a ro u n d  a  few s e c o n d s )  and a g r e a t  im provem ent i n  th e  
a c c u ra c y  o f  m easurem ent would be o b ta in e d  w i th  equ ip m en t h a v in g  
a  h i g h e r  t im e  r e s o l u t i o n  and  a s h o r t e r  c o n t r o l  t im e .  I n  p a r t i c u l a r ,  
th e  a b i l i t y  t o  go t o  h i g h e r  m o d u la to ry  f r e q u e n c i e s  on th e  i n p u t  
wave would have b e en  a  d i s t i n c t  a d v a n ta g e  i n  th e  c a s e  o f  molybdenum. 
The a b i l i t y  t o  u se  lo w er  p r e s s u r e s  would have a c c e n t u a t e d  th e  e f f e c t  
o b s e rv e d  i n  n i c k e l  and i t  would have b e en  i n t e r e s t i n g  i f  t h i s  e f f e c t  
c o u ld  have c a r r i e d  t o  i t s  n a t u r a l  c o n c lu s io n  o f  dom inan t s u r f a c e  
c o n t r o l .
I n  c o n t r a s t ,  th e  r e s u l t s  f o r  s t a i n l e s s  s t e e l  seem to  
have shown to o  much s u r f a c e  c o n t r o l .  T h is  p rob lem  h a s  b een  
a s s o c i a t e d  w i th  o x id e  c o n ta m in a t i o n  o f  one o r  b o th  s u r f a c e s  o f  
th e  sp e c im e n .  Im provem ents  would p e rh a p s  b e s t  be made by c l e a n i n g  
o f  th e  sp ec im en  dji vacuo  p e rh a p s  by a  p la sm a  d i s c h a r g e .
F u r t h e r  work i n  t h i s  f i e l d  would b e s t  be c a r r i e d  o u t  
a f t e r  a  th o ro u g h  c h a r a c t e r i s a t i o n  p ro c e d u re  f o r  th e  m e ta l  s u r f a c e s  
had b een  d e v e lo p e d .  I n  p a r t i c u l a r ,  i t  would be m ost i n t e r e s t i n g  
to  see  a  q u a n t i t a t i v e  r e p e t i t i o n  o f  th e  e f f e c t s  o b s e rv e d  by F a s t  
(2 0 ,2 1 )  on v a r y in g  s u r f a c e  p r e p a r a t i o n .
195a
The p r i n c i p a l  way i n  which t h i s  work d i f f e r s  from o t h e r  
s t u d i e s  i n  th e  f i e l d  i s  t h a t  a  method h a s  been  d e v is e d  by which 
n o n - c l a s s i c a l  p e rm e a t io n  p r o c e s s e s  can  be im m e d ia te ly  d e t e c t e d .
T h is  i s  s e e n  a s  a  m ajo r a d v a n ta g e  o f  th e  m o d u la to ry  t e c h n i q u e .
I n  a d d i t i o n ,  th e  m a th e m a t ic a l  a n a l y s i s  o f  C h a p te r s  3
and 4 h a s  shown t h a t  a d e t a i l e d  c o n s i d e r a t i o n  o f  th e  ways i n  which
th e  p h a s e ,  a m p l i tu d e  and s t e a d y - s t a t e  m easurem ents  d e v i a t e  from
t h e i r  c l a s s i c a l  v a lu e s  can  a l lo w  one to  d i s t i n g u i s h  be tw een  d i f f e r e n t
ty p e s  o f  s u r f a c e  r a t e - l i m i t i n g  b e h a v io u r .  T h is  can  be done even
i f  th e  c l a s s i c a l  p e rm e a t io n  p a ra m e te r s  (D, K , P ) a r e  n o t  knownsm m
a l th o u g h  th e  a n a l y s i s  i s  g r e a t l y  f a c i l i t a t e d  i f  a  s e p a r a t e  m easurem ent 
o f  t h e s e  p a ra m e te r s  can  be made.
I n  th e  e x p e r im e n t  on n i c k e l ,  th e  d i f f u s i o n  c o e f f i c i e n t  
and s o l u b i l i t y  were m easured  i n . a  r e g i o n  o f  i n p u t  p r e s s u r e  where 
th e  sy s tem  c o u ld  be s e e n  to  be b e h a v in g  c l a s s i c a l l y .  A n a ly s i s  
o f  th e  b e h a v io u r  a t  lo w er  i n p u t  p r e s s u r e s  c o u ld  th e n  be made w i th  
a  h ig h  d e g re e  o f  c o n f id e n c e .
I n  molybdenum, th e  c l a s s i c a l  r e g i o n  was c o n f in e d  t o  th e  
low er t e m p e r a tu r e s  o f  i n v e s t i g a t i o n  i n  each  spec im en  so  t h a t  th e  
c l a s s i c a l  p a ra m e te r s  a t  o t h e r  t e m p e r a tu r e s  had  t o  be o b ta in e d  by 
i n t e r p o l a t i o n  o r  e x t r a p o l a t i o n .  F u r th e r m o r e ,  th e  e x i s t e n c e  o f  
d e p a r t u r e s  from c l a s s i c a l  b e h a v io u r  i n  th e  p h a s e ,  a m p l i tu d e  and 
s t e a d y —s t a t e  m easurem ents  i n  th e  n o n - c l a s s i c a l  r e g i o n  r e q u i r e d  t h a t  
a l l  t h e s e  ty p e s  o f  m easurem ent had to  be c o n s id e r e d  b e f o r e  a  d e c i s i o n  
c o u ld  be made on th e  ty p e  o f  r a t e - c o n t r o l l i n g  b e h a v io u r .  F o r t u n a t e l y ,  
th e  l a c k  o f  an  e f f e c t  by v a r y in g  th e  i n p u t  p r e s s u r e  l i m i t e d  th e  
number o f  p o s s i b l e  m o d e ls .  However, due t o  th e  r e l a t i v e l y  l a r g e  
d i f f u s i o n  c o e f f i c i e n t  and r e l a t i v e l y  low s o l u b i l i t y  o f  h y d ro g en  
i n  molybdenum, m easurem ents  c o u ld  n o t  be made o v e r  a s  wide a  ra n g e
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o f  f r e q u e n c y  o r  i n p u t  p r e s s u r e  a s  m igh t have been  hoped and th e  
i n t e r p r e t a t i o n  o f  th e  r e s u l t s  i n  molybdefiura must be tem p ered  by 
th e s e  o b s e r v a t i o n s .
I n  s t a i n l e s s  s t e e l ,  th e  n o n - c l a s s i c a l  e f f e c t s  were so 
p ronounced  a s  to  p r e c lu d e  m easurem ent o f  th e  p e r m e a b i l i t y  a t  a l l  
b u t  th e  h i g h e s t  t e m p e r a tu r e s  ( s t e a d y - s t a t e  and a m p l i tu d e  r e s u l t s ) .  
More s u c c e s s  was a c h ie v e d  w i th  th e  phase  r e s u l t s  where d i f f u s i o n  
c o e f f i c i e n t s  c o n s i s t e n t  w i th  th e  l i t e r a t u r e  were o b t a i n a b l e  o v e r  
a  l a r g e  f r a c t i o n  o f  th e  te m p e r a tu r e  ra n g e  i n v e s t i g a t e d .  However, 
s i n c e  a f u l l y  c l a s s i c a l  r e g i o n  c o u ld  n o t  be i d e n t i f i e d  i t  i s  n o t  
c e r t a i n  w h e th e r  th e  o b se rv e d  e f f e c t s  were due t o  h e a v i l y  o x id e -  
l i m i t e d  p e rm e a t io n  a s  d e s c r ib e d  by th e  model o u t l i n e d  i n  S e c t i o n  4 . 3 ,  
o r  due t o  some o t h e r  p r o c e s s  su ch  a s  th e  p e n e t r a t i o n  o f  hyd ro g en  
th ro u g h  d e f e c t s  i n  th e  o x id e  l a y e r  a s  d e s c r i b e d  by S t r e h lo w  and 
Savage ( 2 6 ) .
I t  i s  hoped t h a t  i n  some f u t u r e  i n v e s t i g a t i o n  i n  t h i s  
f i e l d  i t  w i l l  p rove  p o s s i b l e  to  f i n d  an  e x p e r im e n t  and a  m a t e r i a l  
where m easurem ents  can  be made o v e r  th e  f u l l  r a n g e  from t o t a l l y  
s u r f a c e - l i m i t e d  t o  t o t a l l y  v o lu m e - l im i te d  p e rm e a t io n .  T h is  would 
p ro v id e  a  u s e f u l  t e s t  o f  th e  a p p l i c a b i l i t y  o f  th e  s u r f a c e  m odel.
APPENDIX
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A.1 The S u r fa c e  C o n c e n t r a t io n  i n  E q u i l ib r iu m  w i th  an O s c i l l a t o r y  
Gag P r e s s u r e
I n  c o n n e c t io n  w i th  th e  c l a s s i c a l  t r e a tm e n t  o f  t h i s  e x p e r im e n t  
and a l s o  f o r  co m p ariso n  o f  th e  n o n - c l a s s i c a l  r e l a t i o n s  w i th  th e  
c l a s s i c a l  t r e a tm e n t  i t  i s  o f  i n t e r e s t  t o  know th e  s u r f a c e  c o n c e n t r a t i o n  
w hich i s  i n  e q u i l i b r i u m  w i th  a  m odu la ted  p r e s s u r e .
The s o l u t i o n  i s  found s im p ly  by a p p ly in g  S i e v e r t s ’ Law
!
to  a  m odu la ted  p r e s s u r e ;
i . e .  i f . t h e  p r e s s u r e  i s  g iv e n  by :
P t  = P + PH *
ictd;
Then th e  c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i th  t h i s  p r e s s u r e  i s
io/t
E xpanding  th e  s q u a ro - ro o . t  te rm  g iv e s
/ iW t\^  r -vp + Ph ® ) = /p .  %  iw t  2 iw t1 + g— e + — 3" e 
8 p2
Harm onics h ig h e r  th a n  th e  p r i n c i p a l  a r e  n o t  c o n s id e r e d  i n  t h i s  
e x p e r im e n t  s i n c e  p^ i s  s m a l l  compared w i th  p ,  and a l s o  s i n c e  h ig h e r  
f r e q u e n c y  waves s u f f e r  more a t t e n u a t i o n  by th e  spec im en  th a n  do 
lo w er  f r e q u e n c i e s ,  so  t h a t  th e  c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w ith  
a  m odu la ted  p r e s s u r e  i s  c o n s id e r e d  to  be g iv e n  by :
C. = K /p +sm
KsmPH
2 /p
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A .2 G e n e ra l  S o l u t i o n  o f  P i c k ' s  Second Law f o r  Harmonic S u r fa c e  
C o n c e n t r a t io n
I n  o r d e r  to  p roduce  p a r t i c u l a r  s o l u t i o n s  f o r  th e  o u tp u t  
p r e s s u r e  i n  r e s p o n s e  to  an  o s c i l l a t o r y  in p u t  p r e s s u r e  i t  i s  n e c e s s a r y  
t o  s o lv e  P i c k ' s  Second Law:
ÔC D
S in c e  th e  p a r t i c u l a r  s o l u t i o n s  a r e  d e p en d e n t  on th e  b o u n d ary  c o n d i t i o n  
c h o sen  th e s e  a r e  n o t  d i s c u s s e d  h e r e .  However, some g e n e r a l  a s p e c t s  
o f  th e  boundary  c o n d i t i o n s  a r e  ch o sen  i n  o r d e r  to  make th e  g e n e r a l  
s o l u t i o n  u s e f u l  i n  th e  dev e lo p m en ts  o f  C h a p te r  3*
I t  i s  f i r s t  assumed t h a t  th e  c o n c e n t r a t i o n  c an  be w r i t t e n  
a s  th e  p ro d u c t  o f  two f u n c t i o n s :  one i n  x o n ly  and one i n  t  o n ly :
C = T ( t ) .  n ( x )
S u b s t i t u t i n g  i n t o  P i c k ' s  Law:
n dT DTd^n
i . e 1 d T  D d ^ n
I n  o r d e r  t h a t  t h i s  e q u a t io n  can  h o ld  f o r  a l l  x , t  e ac h  s i d e  must 
be e q u a l  to  some c o n s t a n t  w hich i s  n o t  a  f u n c t i o n  o f  e i t h e r  x 
o r  t
j ^ 1 d T  .
T  d t  ~ ^
and t h i s  has  th e  s o l u t i o n  T = Ae
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2
and ^  ——0" — XÎ2 = 0
d%
and t h i s  haé  th e  s o l u t i o n
U = ‘R exp( x) + S e x p ( ^ ^  x)
Combining th e s e  to  g iv e  C = OT
C = e x p ( ^  x) e x p (X t)  + A^ e x p ( - ^  x) exp( Xt)
T h is  s o l u t i o n  can  be made more s p e c i f i c  i f  d i s c u s s i o n  
i s  l i m i t e d  to  s o l u t i o n s  o f  th e  form  C = 2 e ^ ^ ^ .  The complex 
m u l t i p l i e r  i s  r e q u i r e d  t o  a l lo w  f o r  th e  f a c t  t h a t  t h e r e  may be 
a  phase  s h i f t  be tw een  th e  c o n c e n t r a t i o n  and th e  i n p u t  p r e s s u r e  
d e f in e d  i n  A . I .  E q u a t in g  th e  t im e -d e p e n d e n t  p a r t s  o f  th o s e  two 
e q u a t i o n s  ( s i n c e  Z  w i l l  o n ly  be* a  f u n c t i o n  o f  x )  l e a d s  t o :
X = iw
Hence n. (1 + i )  ^ ^  ss. (1 + i ) k
F u r th e r m o re ,  f o r  e a s e  o f  m a n ip u la t io n ,  th e  c o n c e n t r a t i o n  w i l l  
be w r i t t e n  i n  complex form so  t h a t
iw to
S in c e  one o f  th e  m a jo r  q u a n t i t i e s  o f  i n t e r e s t  i n  C h a p te r  3 
i s  th e  f l u x  a t  x = 1 ,  i . e .  I ^~H,x | i t  i s  w o r th w h ile  t o  r e w r i t e
V“ ^ / x = l
th e  a r b i t r a r y  c o n s t a n t s  A^  and A^ so  t h a t
i n  o r d e r  t h a t  th e  e x p o n e n t i a l  f u n c t i o n s  o f  x d i s a p p e a r  when x = l .
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A«3 S o l u t i o n  o f  th e  D i f f u s i o n  E q u a t io n  w i th  T ra p p in g  f o r  C l a s s i c a l  
Boundary C o n d i t io n s
H ere ,  a  s o l u t i o n  t o  th e  d i f f u s i o n  e q u a t i o n  o f  th e  McNabb- 
F o s t e r  ( I 3 ) ty p e  i s  su p p o sed  t o  r e p r e s e n t  r e v e r s i b l e  t r a p p i n g  w i t h i n  
th e  s o l i d .  T rap s  a r e  assumed to  be m o d e lled  by th e  two p a ra m e te r s  
p ,  k ,  where p i s  th e  p r o b a b i l i t y  t h a t  an  o c c u p ie d  t r a p  w i l l  r e l e a s e  
i t s  c a p t i v e  w i t h i n  1 s e c o n d .  The p a ra m e te r s  p and k a r e  d ep en d en t 
on th e  te m p e ra tu re  on n o r  C where n i s  th e  f r a c t i o n  o f  th e  t r a p s  
( N / u n i t  volume) which a r e  f i l l e d  and C i s  th e  d i s s o l v e d  atom 
c o n c e n t r a t i o n .
T h e r e f o r e ,  th e  number o f  atom s r e l e a s e d  p e r  s eco n d  i n  
volume dV = pnN <5V. A ls o ,  th e  number o f  atom s c a p t u r e d / s e c  i n  
(5V = kCN(l -  n) dV 
where k i s  a  t r a p p i n g  p r o b a b i l i t y .
From a c o n s i d e r a t i o n  o f  th e  b a la n c e  o f  th e  t o t a l  h y d ro g en  
c o n te n t  and a p p ly in g  F i c k ' s  Law, McNabb and F o s t e r  o b t a i n  th e  
s im u l ta n e o u s  d i f f e r e n t i a l  e q u a t i o n s :
ÔC N ôn
+ *ôt “ ' g ra d  C)
and =; kC(l « n) -  pn
S o l u t i o n  o f  th e  above e q u a t i o n s  i s  p r o b a b ly  n o t  p o s s i b l e  
a n a l y t i c a l l y  b u t  i f  th e  a p p ro x im a t io n  i s  made t h a t  n,C a r e  s m a l l  
so  t h a t  th e  c r o s s - t e r m  Cn i n  th e  seco n d  e q u a t i o n  can  be n e g l e c t e d  
th e n :
~  = kC -  pn (A .1 )
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f  ^ "  - I  = “  (A .2 )
ÔX
( i n  one d im en s io n )
I f  N i s  assum ed n o t  to  be d e p en d e n t  on x , t  t h e  v a r i a b l e  
n  can  be e l i m i n a t e d  from th e  above p a i r  o f  e q u a t i o n s  t o  y i e l d :
- D A  ' A . P D A +  ^  = 0 (A .3 )
ôtôx^ ôt^
I f  a  s o l u t i o n  o f  th e  form :
0 = f ( x )  + F ( x ) e ^ '^  I
i s  aesumed f o r  e q u a t i o n  (A .3) th e n  two o r d i n a r y  d i f f e r e n t i a l  
e q u a t i o n s  f o r  F (x )  and  f ( x )  can  be o b t a in e d :
ô^f
2  ^  ( a . 4)
ÔX
and
D(p + iw) F" + (w^ -  (p  + kN)io/)F = 0 (A .5 )
E q u a t io n  (A .4) i s  u n a l t e r e d  from t h a t  which would be o b t a in e d  from 
F i c k ' s  Law i n d i c a t i n g  t h a t  th e  e f f e c t s  o f  t r a p p i n g  w i l l  n o t  be 
a p p a r e n t  i n  a  n o n - t im e -d e p e n d e n t  e x p e r im e n t .  The s o l u t i o n  f o r  
th e  phase  and a m p l i tu d e  o f  th e  o s c i l l a t o r y  p a r t  show a  d i s t i n c t  
re sem b la n c e  t o  th o s e  f o r  F i c k ' s  Law i n  th e  c l a s s i c a l  c a s e  w here , 
f o r  s i m p l i c i t y , i n p u t  s u r f a c e  e q u i l i b r i u m  and v e r y  s m a l l  o u tp u t  
s u r f a c e  c o n c e n t r a t i o n  a re  assum ed .
S o lv in g  A .3 f o r  th e  boun d ary  c o n d i t i o n s  g iv e n  i n  S e c t i o n  
5«3 , th e  p h a s e - l a g  and a m p l i tu d e  m o d i f i c a t i o n s  can  be s e e n  t o  be 
g iv e n  by:
' t * "  = -V- t a n  VI :  u t a n h  ü ï  < ^ .6 )
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y s i n h  u l  + s i n  v l
These e q u a t i o n s  a r e  com parab le  w i th  e q u a t i o n s  (3*9) and ( 3 . 10 ) 
V and  u s  B cos  
V = B s i n
i  t a n - 1  a^
i  ta n -1  ^
B = In" +
D(p2 + o j ^ )
a  = kNcu^
b = + p (p  + kN)a>
I f  t h e r e  i s  no t r a p p i n g ,  i . e .  p , k  = 0 t h e n  a = 0
and b = and e q u a t i o n s  (A .6 ) and  (A .? )  re d u c e  to  ( 3 .1 0 )  and ( 3 .9 )  
f o r  th e  c o r r e s p o n d in g  c a s e  w i th  F i c k ' s  Law g o v e r n in g  mass t r a n s p o r t  
i n  th e  s o l i d .
F ig u r e  A.1 shows some o f  th e  f e a t u r e s  t h a t  e q u a t i o n  (A .6 ) 
l e n d s  to  th e  p h a s e - l a g  v e r s u s  s q u a r e - r o o t  f r e q u e n c y  p l o t s  f o r  th e  
' s t a n d a r d ' D and 1 u sed  i n  C h a p te r  4 .  These c u rv e s  show one v e ry  
d i s t u r b i n g  f e a t u r e  o f  t h i s  t r a p p i n g  m odel. I t  a p p e a r s  t h a t  i t  i s  
p o s s i b l e ,  and in d e e d  l i k e l y ,  u s in g  t h i s  model t h a t  th e  s lo p e  o f  
th e  fp v s .  cu rv e  can  become s m a l l e r  th a n  th e  c l a s s i c a l  cu rv e  w i th  
th e  same phase  l a g .  T h is  means t h a t  th e  t r a p p i n g  cu rv e  w i l l  u l t i m a t e l y  
c r o s s  th e  c l a s s i c a l  c u r v e .
T h is  would s u g g e s t  t h a t  th e  p r o p a g a t io n  t im e  ( f /w )  f o r  
t h e  p r e s s u r e  wave th ro u g h  th e  s o l i d  can  be s m a l l e r  f o r  a  t r a p p e d  
th a n  f o r  an  u n t r a p p e d  s o l i d .  T h is  does n o t  o c c u r  i n  th e  s u r f a c e  
h o ld u p  model where th e  phase  l a g  i s  a lw ays  g r e a t e r  f o r  m a t e r i a l  
w i th  a d d i t i o n a l  h o ld u p s .
A .4 M a tr ix  c o r r e l a t i o n  te c h n iq u e  f o r  phase  p l o t s
Even a t  th e  s i m p l e s t  ( c l a s s i c a l )  l e v e l  th e  f u n c t i o n  ( e q u a t i o n
( 3 . 10 ))
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F igu re  A.1 The e f f e c t  o f  tra p p in g  on th e
c l a s s i c a l  phase p lo t
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which d e f i n e s  th e  p h a s e - l a g  i n  te rm s  o f  th e  d i f f u s i o n  c o e f f i c i e n t  
i s  r a t h e r  c o m p l ic a te d  to  s o lv e  f o r  th e  d i f f u s i o n  c o e f f i c i e n t .
I t  h a s  been  fo und  u s e f u l  to  f i t  t h e s e  c u rv e s  t o  th e  k i n e t i c  
p a ra m e te r s  D, K^, e t c .  by a  l e a s t  s q u a r e s  te c h n iq u e  i n  o r d e r
t h a t  f u l l  u se  o f  a l l  th e  i n f o r m a t i o n  can  be made.
The method i s  b a se d  on an  a n a lo g u e  w i th  l i n e a r  r e g r e s s i o n  
where one h a s  a  s e t  o f  y^ to  w hich  a  f i t  t o  an  e q u a t i o n  o f
th e  form y = ax  + b i s  p ro p o s e d .
The r e s u l t i n g  s e t  o f  s im u l ta n e o u s  e q u a t i o n s  can  be
w r i t t e n :
^ i
I Ir i
I . e .
Hence J  Y J J P
so  t h a t
T hus, th e  p a r a m e te r  m a t r i x  P can  be fo u n d  and  t h i s  
form  i s  v e r y  u s e f u l  f o r  c o m p u te rs  w hich  a r e  c a p a b le  o f  p e r fo rm in g  
m a t r ix  a r i t h m e t i c .
A v a r ia n c e -c o v a r ia n c e  m a trix  can be d e f in e d  to  o b ta in
th e  s t a n d a r d  e r r o r  on th e  p a r a m e te r s  a , b  s u c h  t h a t
= ( J J ) -111
B = ( J J )
-1
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where and a r e  th e  s t a n d a r d  e r r o r s  on a  and b and
i s  t h e  r e s i d u a l  sum o f  s q u a r e s :
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■ E <
, ° b > .  ;  , ,
where N* i s  th e  number o f  d e g re e s  o f  freedom  i n  th e  s y s te m .  The
v a r i a n c e - c o v a r i a n c e  m a t r ix  i s  g iv e n  by
( J J ) -1 .N
|JJ|
|jj|
(jji
| j j |
; |JJ | =
N = number o f  o b s e r v a t i o n s
I n  p r a c t i c e  th e  s t a n d a r d  e r r o r s  f o r  th e  p a r a m e te r s  
^3 have  o n ly  been  e v a l u a t e d  f o r  th e  l i n e a r  r e g r e s s i o n s  
i n  t h i s  work ( e . g .  d i f f u s i o n  c o e f f i c i e n t  v s .  t e m p e r a t u r e ) . F o r  
t e s t i n g  d i f f e r e n t  form s o f  e q u a t i o n  f o r  ^  v s .  w , t h e  r e s i d u a l  
sum o f  s q u a r e s  h a s  been  u s e d  a s  an  i n d i c a t o r  o f  g o o d n ess  o f  f i t .
^ b e  method j u s t  o u t l i n e d  can  be e x te n d e d  t o  c a s e s  where 
t h e  p ro p o s e d  r e l a t i o n s h i p  b e tw een  th e  v a r i a b l e s  i s  n o t  l i n e a r .
F o r  e x am p le , a t  a  g iv e n  v a lu e  o f  f r e q u e n c y  th e  p h ase  l a g  th ro u g h
th e  sp ec im e n  c an  be w r i t t e n  a s  a  f u n c t i o n  o f  th e  d i f f u s i o n  c o e f f i c i e n t ,
D and a  s e r i e s  o f  r a t e  p a r a m e te r s  s a y  k ,  1 , m, n ,  e t c .
i . e <P = f ( D , k , l  . . . . )
T h is  f u n c t i o n  c a n  be expanded  i n  a  T a y lo r  s e r i e s  a b o u t  th e  v a lu e  
^ b e  f u n c t i o n  c o r r e s p o n d in g  t o  a  f i r s t  e s t i m a t e  o f  th e  p a r a m e te r s  
^ o ’ ^ o ’ ' c o r r e c t *  v a l u e s  o f  th e  p a r a m e te r s  a r e  D, k ,
e t c .  T hus;
<p. = %  + [ ë ]  + [ | | ]  ( k - k ^ )  + . . . . .
(w here  th e  s u b s c r i p t s  *o ’ d e n o te  
e v a l u a t i o n  a t  D=D^, k=k^, e t c . )
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CBSI f  th e  q u a n t i t y  y = ^  i s  now d e f in e d  th e n :
y = (D-D^) -  [ | j ]  ( k - k )
The v a lu e s  o f  th e  p a r a m e te r s  f o r  a  g iv e n  v a lu e  o f  f r e q u e n c y  a r e  
t h e r e f o r e  g iv e n  by y = 0 , i . e :
CBS ( k— k ^ ) — . . . .
F o r  a  s e t  o f  f r e q u e n c i e s  th e  s e t  o f  s im u l ta n e o u s  e q u a t i o n s  f o r
e v a l u a t i o n  o f  (D-D ) and ( k - k  ) c an  be w r i t t e n  i n  a way a n a lo g o u s
t o  th e  l i n e a r  r e g r e s s i o n  c a s e ,  i . e :
AY = J  AP
I . e
-
• : F8] ' •
. *  ‘
# . • •
__o % i(N)
[ ô f f  “ I
t 'S E j  ..........
(N)
D - D
k -  k
and s o l v i n g  a s  b e f o r e
AP = ( J J ) “  ^ J A Y
I f  D i s  c o n s id e r e d  t o  be an  o r i g i n a l  e s t i m a t e  o f  D
'  ' /  : ' ?  :
( t h e  ’ b e s t*  v a lu e  o f  D) t h i s  t e c h n iq u e  can  be u sed  t o  i t e r a t e
u n t i l  th e  AP m a t r ix .—►O so  t h a t  b e s t  v a l u e s  o f  th e  p a r a m e te r s
'  ^ -  ^ . > ■
D, k ,  1 ,  e t c ,  a r e  o b t a i n e d .
i . e .  a f t e r  th e  f i r s t  i t e r a t i o n
AP.| = D -  D^
AP_ = k  -  k 2 I o
i . e .  n e x t  e s t i m a t e  D  ^ = D^ + AP.^
i . e .  n e x t  e s t i m a t e  k .  = k + AP_I I  o c-
II
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:/.* . 
' K ;
i
v : .
: ': :C
k
# 3
i
" K
a f t e r  ee^cond i t e r a t i o n
'  AP, .  D -  i . e .  Dg = D, + A P^
A?2 = k -  i  • e . k^ *= k^ + A ?2
: :
and t h i s  i s  c o n t in u e d  u n t i l  none o f  th e  p a ra m e te r s  r e q u i r e  any
f u r t h e r  i n c r e a s e ,  i . e .  D^—►D; k^.—►k, e t c .
.The r e s i d u a l  sum o f  s q u a r e s  can  a l s o  be fo l lo w e d  d u r in g  
t h i s  p ro c e s s  s i n c e  i t  i s  e q u a l  to  th e  sura o f  th e  s q u a r e s  o f  th e  
members o f  th e  AY m a t r i x .
A .3 D e r i v a t i o n  o f  th e  c o e f f i c i e n t s  x ,  y ,  r , s  '
The p u rp o se  o f  t h i s  a p p e n d ix  i s  m e re ly  t o  show i n  more 
d e t a i l  th e  o r i g i n  o f  th e  p a ra m e te r s  x ,  y ,  r ,  s  i n  S e c t i o n  3 .8  o f  
th e  main t e x t .
I f  one t a k e s  a s  a  s t a r t i n g  p o i n t  th e  e q u a t i o n  on th e
b o tto m  o f  page 68 and s u b s t i t u t e s  th e  f o l lo w in g  v a lu e s  f o r  C ' andH
i
iw t= (A + B)e
.  «<4 -
th e n  th e  fo l l o w in g  e q u a t i o n  r e s u l t s :
r — r  + ( 2K'e* + P -  K> _d_ + 2 PK1 0 ' 1k . '(A  + B)
L 2  ^ V d t  2 J  4  ~  ~
io /te
■< + [ % 2  + (P + ^  + PK^ -  K 'K ' ART 1 Da(A _ B)e^'^* .
a t  V d t  V J
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P e r fo rm in g  th e  d i f f e r e n t i a t i o n  o p e r a t i o n s  and c o l l e c t i n g  te rm s  
i n  A and  B g iv e s  th e  fo l lo w in g  r e l a t i o n s h i p :
A [ —  -  (P + Kj -  K» ART)
T  ^  “ v i
+ (PK^ -  KjjK^ ART) + 2PK^K^0'
+ 1 f -D  ^  + (p  + -  K* ART)
+ K J(2 K '0 ' + P -  K' + (PKJ -  K'K'
V V ^
= B | " £  t  Kf -  (p  + Ki -  Ki ART)
✓2 V /2
+ (PKJ -  K 'K ' ^ )  -  2 pK'K?e'
'  5 V ^
+ 1 ^  + (P + KJ -  K' ART)
L Æ  V ^
- K f ( 2 K '8 '  + p -  K! ^ ) w  + (PKJ -  K|K^ ART)
V ^  ■
Comparing t h i s  w i th  e q u a t io n  ( 3 . 8 ) shows th e  o r i g i n  o f  th e
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